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Summary 
The global climate change is affecting forests worldwide with effects regarding 
biodiversity and ecological services. Knowledge of tropical humid and dry forests are 
in this context of utmost importance. The main aim of the present thesis is the 
analysis of tree water relations and drought responses with a focus on adaptation 
strategies and plant functional types.  
The studies were conducted in two different locations, a seasonally dry tropical forest 
and an evergreen montane forest. Several hundred increment cores of trees were 
taken and high-resolution dendrometer measurements were recorded to analyze 
short and long term dynamics of circumference changes in connection with extreme 
climatic events. To support our analyses sap-flux data, volumetric soil water content, 
canopy coverage change and leaf phenology were also recorded 
In the dry forest the tree species Ceiba trichistandra (leaf deciduous, stem succulent), 
Eriotheca ruizii (leaf deciduous, root succulent) and Erythrina velutina (leaf 
deciduous) were studied. C. trichistandra responded very sensitive to fluctuating 
moisture regimes with leaf phenology, sap flux and stem diameter variations, and can 
be regarded as a sensitive indicator for assessing climatic variations. 
In the montane rain forest, the focus was on dry intervals with a minimum of four 
consecutive days to examine how different tree species respond to drought stress. 
The averaged species-specific stem shrinkage rates and recovery times during and 
after dry periods were analyzed. The two deciduous broadleaved species Cedrela 
montana and Handroanthus chrysanthus showed the biggest stem shrinkage of up to 
2 mm after 10 consecutive dry days. Moreover, great differences of recovery times 
after longer-lasting (i.e., eight to ten days) drought events between the two 
evergreen broadleaved species Vismia cavanillesiana and Tapirira guianensis were 
found. While V. cavanillesiana replenished to pre-drought stem circumference after 
only 5 days, T. guianensis needed 52 days on average to restore its circumference. 
Hence, a higher frequency of droughts might increase inter-species competition, 
species-specific mortality and therefore finally alter the species composition of the 
ecosystem
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In light of the findings presented here regarding possible effects of climate change on 
different tree species, this dissertation serves as important contribution to enhance 
the understanding of tropical forest ecosystems. 
 
Zusammenfassung  
Der globale Klimawandel beeinflusst Wälder weltweit im Hinblick auf Biodiversität 
und Ökosystemleistungen. Wissen über trocken- und feuchttropische Wälder ist in 
diesem Kontext von großer Wichtigkeit. Das Ziel dieser Arbeit ist die Analyse von 
Baum-Wasser Beziehungen und Trockenheitsreaktionen einzelner Baumarten 
hinsichtlich ihrer Anpassungsstrategien und funktionellen Gruppen. 
Die Studien wurden an zwei unterschiedlichen Standorten, einem tropischen 
Trockenwald und einem tropischen Bergregenwald, durchgeführt. Mehrere hundert 
Bohrkerne wurden gesammelt und hochauflösende Dendrometer verwendet, um 
Kurz- und Langzeit Veränderungen im Stammumfang zu messen und mit extremen 
Klimaereignissen zu verknüpfen. Zusätzlich wurden Daten zu Saftfluss, Bodenwasser, 
Überschirmungsgrad und Blattphänologie aufgenommen. 
Im Trockenwald wurde Ceiba trichistandra (laubwerfend, stammsukkulent), 
Eriotheca ruizii (laubwerfend, wurzelsukkulent) und Erythrina velutina (laubwerfend) 
untersucht. C. trichistandra reagierte sehr sensitiv auf wechselnde Feuchte-
verhältnisse, sichtbar durch Phänologie-, Saftfluss- und Stammumfang-
veränderungen. 
Im Bergregenwald lag der Fokus auf Trockenphasen mit mindestens vier 
aufeinanderfolgenden Tagen ohne Niederschlag, um festzustellen wie die 
unterschiedlichen Spezies auf Trockenstress reagieren. Die beiden blattwerfenden 
Laubbäume Cedrela montana und Handroanthus chrysanthus zeigten mit bis zu 2 mm 
die größten Verluste im Umfang. Zusätzlich wurden große Unterschiede in den 
Erholungszeiten nach längeren Trockenphasen von 8-10 Tagen zwischen Vismia 
cavanillesiana und Tapirira guianensis festgestellt. Während V. cavanillesiana nach 5 
Tagen den Umfang von vor der Trockenphase wieder erreicht hatte dauerte es bei T. 
guianensis in Durchschnitt 52 Tage. Eine mögliche höhere Frequenz von Dürren 
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könnte daher zu einer höheren spezies-spezifischen Sterberate und letztlich zu einer 
veränderten Artenzusammensetzung des Waldes führen. 
Durch die Forschung an möglichen Auswirkungen des Klimawandels auf einzelne 
Baumarten, liefert diese Dissertation einen wichtigen Beitrag für das bessere 
Verständnis tropischer Waldökosysteme. 
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Regarding the recent climatic changes, forests will be affected all around the world 
(Bjorkman et al., 2018, Phillips et al., 2009, Poulter et al., 2013). This will influence 
aspects of biodiversity, species composition, and essential ecological services 
including carbon sequestration (Anderson-Teixeira et al., 2015). Recent studies found 
ongoing changes regarding forest dynamics and predict rapid climatic changes 
especially in the tropics (Claeys et al., 2019). In the context of global warming and 
regulating increasing atmospheric CO2 concentrations, intact forest ecosystems play 
a vital role (Malhi et al., 2002). Climatic-induced forest dieback cannot be ruled out 
(Brando et al., 2014) and selective mortality of tree species may lead to long-term 
shifts in forest communities (Anderegg et al., 2013). Climate-induced changes in 
forest composition have been constantly researched for several decades (e.g., 
Overbeck et al., 1990). With an increasing focus on questions regarding climatic 
change consequences and carbon emissions (Mitchard, 2018), tropical forest 
research is still considered an important topic. The key to conservation and 
protection of forest ecosystems is knowledge of forest responses to climatic 
variability (Anderson-Teixeira et al., 2015). 
Climate modelling results suggest an increasing intensity and frequency of droughts 
in the tropics (Fu et al., 2013) which will trigger responses of forest ecosystems in all 
parts of the tropics. Warm and extreme dry years reduce the growth of canopy trees 
(Brienen and Zuidema, 2005) and lead to a higher risk of mortality (Phillips et al., 
2009). Especially in dry forest ecosystems, where moisture availability is usually the 
growth limiting factor, a reduction of precipitation can be crucial (Butz et al., 2016). 
Also a shift or a shortening of the rainy season can have a negative impact on tree 
growth (IPCC, 2013). Recurring droughts occurring with a higher frequency exceed 
the forest recovering ability, resulting in continuously damaged ecosystems with a 
negative impact on the global carbon budget (Schwalm et al. 2017). In moist tropical 
forests, even short dry spells influence tree growth, and possible legacy effects are 
under intense examination (Raffelsbauer et al., 2019; Anderegg et al., 2015). To 
investigate these climate responses on an individual tree level, dendroecological 
1.1 General Introduction 
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methods and tree growth monitoring provide an important approach to completely 
understand tree responses (Rahman et al., 2019).   
Tree-ring studies are conducted worldwide and provide a huge archive of climatic and 
ecological information. The annual formation of growth rings leads to a temporal 
precision of environmental information which is hardly matched by other climate 
proxy data. Tree-ring analysis provides long-term data covering centuries (Grießinger 
et al., 2019) to millennia (Salzer et al., 2009). However, an approach that is rather 
straightforward in the temperate climate zones presents a major challenge in the 
tropics, because a regular cambial dormancy resulting from climatic seasonality is 
often missing (Rozendaal and Zuidema, 2011). Already in 1927, tropical tree species 
with distinct growth rings have been described (Coster, 1927). In the last decades, 
numerous advances in research methods regarding wood surface preparation and 
sectioning (Gärtner et al., 2014), enhanced image quality and wood anatomical 
analysis software (Gärtner et al., 2015) were made. Other technical advances like X-
ray microtomography (Jacquin et al., 2017) and the measurements of stable isotopes 
shifted the limits of determining tree-rings in tropical wood (Evans and Schrag, 2004). 
Possible environmental influences triggering an annual anatomical tree-ring 
structure in tropical climates are e.g. dry spells, regular temperature changes, or 
flooding (Yanosky et al., 1998, Schöngart et al., 2005). In humid tropical forests, even 
short drought periods can induce a visible wood anatomical response (Brienen and 
Zuidema, 2005). Regardless if one or more of those triggers for tree-ring formation 
are present, an occurrence of distinct tree rings is not guaranteed and species specific 
(Pucha Cofrep et al., 2015). Additionally, numerous wood anatomical features can be 
found in the tropics, obscuring annual growth ring boundaries, like e.g. density 
fluctuations or rhythmic parenchyma bands (Marcati et al., 2006; Fichtler and 
Worbes, 2012). Climatic fluctuations, e.g. precipitation events during the dry season, 
may result in the formation of false rings (Palakit et al., 2012). Also, canopy induced 
changes in light availability can be reflected in wood formation rates (Brown and Wu, 
2005). Despite all these challenges and uncertainties, increment cores provide 
numerous possibilities to analyze various relevant parameters, like ring width or 
wood anatomical parameters (Islam et al. 2018).  
1.2 Tree-ring analyses 
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Dendrometers have already been used in the 19th century with the goal of measuring 
growth responses to climate (Friedrichs, 1897), and the fascination and utility stayed 
undiminished. More than one century later, stem diameter is one of the most 
commonly measured attributes of trees, and their use is also applied for irrigation 
scheduling and site quality assessment (Drew and Downes, 2009). Changes in tree 
stem circumference are a mixed signal of irreversible stem growth and reversible 
extension of tissues due to water status. Hence, dendrometers are used widely in 
different fields of forest research (Herrmann et al., 2016). Stem circumference 
changes allow a connection to the hydraulic status in a tree (Granier and Berger, 
1986; Zweifel et al., 2001). Rates of tree growth are also used to predict competitive 
tree interaction (Lutz et al., 2014) and tree mortality (Van Mantgem et al., 2003). The 
disentangling of the factors responsible for circumference changes, like swelling and 
shrinkage of bark, phloem and xylem due to elastic properties and water potential 
(Rosner et al., 2009; Robert et al., 2014; Raffelsbauer et al., 2019) is of utmost 
importance and under intense debate (van der Maaten et al., 2016; Zweifel et al., 
2016). Hence, the information that high resolution dendrometers provide is not fully 
utilized yet (Zweifel, 2015). Numerous approaches or to differentiate the triggers 
influencing stem circumference changes are already applied, e.g. the removal of thick 
bark without injuring the cambium or simultaneous measurement of sap flux status 
(Butz et al., 2016). Regarding the numerous efforts of plant physiological modelling, 
dendrometer data hold a key role (Steppe et al., 2016; Cocozza et al., 2018). This can 
be attributed to their straightforward acquisition, especially in comparison to 
parameters quite demanding to acquire under field conditions, e.g. phloem turgor 
pressure or elasticity of non-lignified xylem cells. The ability of separating water 
potential induced stem circumference changes from growth induced ones will make 
it possible to investigate new levels of microclimate-growth relationships (Zweifel, 
2015).  
In both studied forest ecosystems, our goals were to get an overview of tree species 
responses to environmental change regarding different plant functional types (PFTs). 
1.3 High resolution dendrometers  
1.4 Main objectives 
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We analyzed drought coping strategies, by monitoring tree growth, stem shrinkage, 
stem swelling, and water status.  
We addressed the following research questions and formulated several objectives as 
a guideline: 
The reconstruction of climate using annual tree-ring data as proxy to model 
influences of the El Nino – Southern Oscillation (ENSO) and strengthen previous 
research on Bursera graveolens from the same site.  
To investigate responses to varying water status and moisture fluctuations of trees 
with different drought coping strategies. 
Analyzing the various responses of different tree species to short-term dry spells in a 
montane rainforest, especially during the Veranillo del Nino climatic phenomenon. 
 
In Chapter 2, the climatic characteristics of the two different study sites, a seasonally 
dry forest and a montane rainforest are provided. Additionally, the applied methods 
and the installed equipment are described and an overview of the recorded data is 
provided.  
Dry-forest wood anatomy is described and illustrated using scans and photographs in 
Chapter 3. In addition, different approaches to analyze annual growth rings are 
shown.  
Chapter 4 gives an understanding of tree water status and responses to moisture 
fluctuations in a dry forest ecosystem. 
The 5th Chapter deals with responses of trees to short-term dry spells in a humid 
mountain rainforest and provides an assessment regarding the usefulness of 
numerous tree genera for the study of reactions to ongoing climatic changes. It also 
addresses the topics of carbon sink or source, species dieback and forest composition 
change in response to climate change.   
1.5 Outline of the Chapters 
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Finally, Chapter 6 concludes the investigated topics and connects the two different 
study sites in regard to drought responses in different tropical forest ecosystems. 
Additionally, an outlook for future research strategies and challenges are 
summarized.  
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The research of this thesis has been conducted in two study areas both situated in 
southern Ecuador but with different climatic characteristics, elevation gradients and 
overall forest structures. The Laipuna Forest Reserve, which belongs to the 
Tumbesian dry forest ecoregion, is located 30 kilometers north of the Peruvian 
border and the Rio San Francisco Valley (RBSF), which is situated in a lower montane 
rainforest (Homeier, 2004) on the eastern declivity of the Cordillera Real (Figure 2.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Map of Ecuador with both study sites. (Modified after S. Adler 2015) 
 
 
 
2.1 Study sites  
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Laipuna Nature Reserve (4°22′S, −79°90′W; 1.600 ha) (Figure 2.2) is located in the 
center of UNESCO “Bosque Seco” Biosphere Reserve in the Catamayo River valley. 
The altitudinal gradient ranges from 590 to 1480 m a.s.l. It belongs to the dry tropical 
forest belt between the Pacific coastline which runs approx. 100 kilometers to the 
west, and the western slopes of the Andes running approx. 40 kilometers to the east. 
The region is classified as a premontane semi-deciduous dry forest (Aguirre et al., 
2006) and characterized by hilly terrain. The ecosystem “seasonally dry tropical 
forest” is generally associated to high biodiversity, endemism and endangered status 
(Estrada-Medina et al., 2013), and Laipuna is an eligible example. The high levels of 
endemism and diversity exist due to geographical and biological barriers (Rodriguez-
Mahecha et al., 2004). The bedrock is mainly formed by acidic cretaceous intrusive 
granite and therefore young and less developed entisols prevail (United States 
Department of Agriculture, Natural Resources Conservation Service 1999). The 
Reserva Laipuna is dominated by deciduous tree species like Eriotheca ruizii and Ceiba 
trichistandra, with only few evergreen species like Capparis flexuosa. 
 
Figure 2.2: Map of the “Reserva Laipuna”. Red numbers showing our investigated 
study sites (Modified after S. Adler 2015) 
 
As the seasonally dry tropical forest indicates, the climate is characterized by a 
distinct intra-annual precipitation distribution showing a pronounced rainy season 
from January to May and a dry season from June to December (Figure 2.3). The inter-
2.2 Reserva Laipuna: Seasonally dry Forest - Location and climatic       
characterization 
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annual variability of precipitation usually ranges from 350 to 800 mm, with maximum 
precipitation sums in extremely wet years of up to 1200mm. During the rainy season, 
short dry spells are not uncommon (Pucha Cofrep et al., 2015). Moisture availability 
is increased by elevation due to an elevation-related temperature decrease. 
Precipitation mostly occurs during nighttime and is in general controlled by wind 
direction with a land-sea-wind system causing NE-SE winds during the day and SW-
NW winds at night (Spannl et al., 2016). The northward shift of the Inter Tropic 
Convergence Zone leads to an increased flow of moist air from the Pacific into the 
study area (Volland-Voigt et al., 2011). The annual mean temperature is 23.1° C, with 
little variability throughout the year (Figure. 2.3). 
 
 
Figure 2.3: Climate of the Laipuna valley (lines showing temperature, bars show 
precipitation). 
 
The second study area is located in the tropical lower montane forest “Reserva 
Biológica San Francisco (RBSF) on the eastern escarpment of the South Ecuadorian 
Andes, at the northern part of the Podocarpus National Park (3°58´S, 79°04´W). The 
elevation range is 1600 – 3140 m a.s.l. and the study area covers about 1120 ha. 
2.3 Reserva Biológica San Francisco: Tropical montane forest - Location 
and climatic characterization  
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According to Richter et al. (2013), this area plays a major role in the development of 
the extremely high biological diversity in this ecoregion. More than 280 tree species 
can be found, with a high percentage of individuals belonging to the families 
Melastomataceae, Lauraceae, Rubiaceae, and Euphorbiaceae (Homeier et al., 2008). 
Wielke et al. (2008) describe the soils at the study site as very heterogeneous, with 
humic cambisols dominating on the slopes.  
From a climatological point of view, this part of the Andes is characterized by the 
South American summer monsoon, with incoming air masses from the Amazon 
lowland (Bräuning et al., 2009). The complex topography of the Rio San Francisco 
valley is responsible for local wind systems and the prevailing airflows are directed 
from SE to SW, with some minor influences from NE to SE. Mean annual temperature 
is 15.5°C (Fries et al., 2009), and average annual rainfall is 2200 mm. Due to the 
changing wind direction and precipitation amounts over the year, three different 
seasons can be distinguished. The most important phase regarding our investigation 
is the period from September to December, which is the driest season with a 
maximum of only 400 mm of rainfall (Figure 2.4). The recurring dry spell called 
‘Veranillo del Nino’ provides the basis for Chapter 5, where the climatic background 
is explained in more detail.  
 
 
Figure 2.4 Climate of the RBSF (lines showing temperature, bars show precipitation). 
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2.4.1 Tree sampling and ring-width measurement 
In the dry forest, we sampled the four species Ceiba trichistandra, Eriotheca ruizii, 
Erythrina velutina, and Bursera graveolens. Samples were collected with 5mm 
increment borers of different length from 30 to 60 cm (Suunto, Mora) at breast 
height, or in case of C. trichistandra at approximate 1.80 m to 2 m, to avoid the 
influence of the buttress roots of this genus. Overall, we collected more than 200 
cores for ring-width measurements and further analyses. We also determined bark 
thickness for the four collected species. Following our findings regarding distinctive 
rings in prickles, we collected ten specimen of C. trichistandra and approx. 30 samples 
of E.velutina from several individuals. Further description is provided in Chapter 3. 
 
2.4.2 Dendrometer measurements 
In the dry forest, we selected the three species Eriotheca ruizii (K.Schum.) A.Robyns 
(Malvaceae), Ceiba trichistandra (A.Gray) Bakh. (Malvaceae), and Erythrina velutina 
Willd. (Fabaceae). They all showed high Importance Value Indices (IVI = relative 
abundance + relative dominance + relative frequency) according to Curtis and 
McIntosch (1951), with 48.3 for E. ruizii, 37.4 for C. trichistandra, and 24.3 for E. 
velutina, respectively (Homeier, unpublished). In sampling trees belonging to 
different functional types, we obtained a better overview regarding the forest 
response to climate variability. We established four study plots at three different 
elevations (670, 860 and 1100m a.s.l.) (Figure 2.2). In each elevation, four individuals 
of each species were equipped with logging band dendrometers (LBDs) (Figure 2.5a) 
with a built-in thermometer (DRL26, EMS Brno). In addition, we included four Bursera 
graveolens trees on the lowest plot, because the species was used in a previous study 
reconstructing climate and ENSO-phases (Pucha Cofrep et al., 2015), resulting in a 
total of 40 mounted dendrometers. 
In the montane rain forest, two different types of dendrometers were used. Since 
band dendrometers proved better suited for the local climate conditions, we 
gradually replaced the previously installed electronic point dendrometers (Type DR, 
Ecomatic, Germany) (Figure 2.5b). To secure comparability of the data from different 
2.4 Methods 
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dendrometer types, the tree radius variation values were converted to circumference 
values, assuming symmetrical stem geometries using the formula circumference = 2 
x π x radius. At this study site, also 40 individuals belonging to eleven different tree 
genera of eight families have been equipped with dendrometers. The investigated 
deciduous broadleaved species are Handroanthus chrysanthus (Bignoniaceae) and 
Cedrela montana (Meliaceae). The evergreen broadleaved species are Inga acreana 
(Fabacea), Persea spp., Nectandra spp. and Ocotea spp. (Lauraceae), Tapirira 
guianensis (Anacardiaceae), Vismia cavanillesiana (Hypericaceae), and Graffenrieda 
emarginata (Melastomataceae). The studied evergreen coniferous species are 
Podocarpus oleifolius and Prumnopitys montana (Podocarpaceae).  
All Dendrometers have been mounted at breast height, apart from the twelve 
dendrometers attached to C. trichistandra. They were mounted at two meters stem 
height to avoid the influence of buttress roots. In case of thick barked species, we 
removed parts of the outer bark without injuring the cambial zone to reduce the 
influence of bar shrinkage and swelling on the data (Steppe et al., 2015). 
 
 
 
 
 
 
 
Figure 2.5: Logging band dendrometer (a) and point dendrometer (b) 
2.4.3 Sap flux measurements 
In the dry forest, the 36 individuals of C. trichistandra, E. ruizii and E. velutina have 
been equipped with thermal dissipation probes after Granier (1987). Each tree was 
equipped with two sensors (one facing north, one facing south) at approx. 1.3 m 
above ground. Sensors were protected by Styrofoam boxes and aluminum foil against 
a) 
b) a) 
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solar radiation and physical impacts. Each sensor consists of two different probes. 
The upper one is permanently heated and the temperature difference between the 
two probes is measured. In our study, measurements were registered every 30 
seconds and mean values calculated over 30 minutes were stored (CR1000 data 
logger and AM 16/32 Multiplexer, Campbell Scientific, Inc, Logan, UT, USA). 
According to the empirically derived equation of Granier (1987), temperature 
differences were converted into sap flux density. 
2.4.4 Additionally recorded parameters 
During our studies, we also collected tree diameter at breast height and tree height 
of all studied individuals. In the dry forest we also monitored volumetric soil water 
content with TDR (time domain reflectometry) probes (CS616, Campbell Scientific, 
Inc., Logan, UT, USA), canopy coverage and leaf phenology. 
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This chapter is structured chronologically regarding our investigations because the 
analyses are building on top of each other and the individual conclusions led to the 
next step. 
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Tree-ring analysis is widely regarded as an exceptional possibility to reconstruct 
climatic and environmental changes embedded in the tree (McCarroll and Loader, 
2004), regardless if using tree-ring width, stable isotopes in wood or wood-
anatomical research (Peters et al., 2014; Fan and Bräuning, 2017). All of these 
parameters can be important for reconstructing past climate, which in reverse can 
provide important information relevant for comprehending the impacts of the 
ongoing climate change on tree growth limitations. The existence of annual tree rings 
in the tropics was denied for a long time (Rozendaal and Zuidema 2011), but as early 
as 1927, their existence has already been described by Coster (1927). Here we have 
to distinguish different tropical regions regarding possible triggers of intra-annual 
cambial dormancy interrupting tree growth and therefore forcing a wood anatomical 
reaction of the tree. The most obvious factors limiting tree growth are induced by 
temperature and/or precipitation, e.g. low temperatures in high mountain 
environments or existing dry seasons, but also other factors like annual flooding 
could trigger a tree response marked as visible wood anatomical feature (Yanosky et 
al. 1998). The most challenging aspect of these disturbances regarding tree growth is 
the possibility of bi-annually or even completely irregular temporal patterns (Brienen 
et al. 2016). In some cases, an annual anatomical signal is completely disguised by 
those patterns. The focus of research on tropical forest ecosystems lies on the humid 
tropical forests, whereas dry forests are rather understudied (Chazdon et al., 2007), 
despite the fact that tropical seasonally dry forests and drylands host around 20% of 
major centers of plant diversity and endemism (Estrada-Medina et al., 2013).  
During our first field trip to the tropical dry forest Laipuna we collected approx. 100 
cores of the species Eriotheca ruizii, Erythrina velutina, and Ceiba trichistandra on 
three study plots established at 670, 860, and 1100m a.s.l.. We abstained to take 
cores of the trees equipped with dendrometers and sap flux sensors to avoid any 
influence on physiological data collection. The decreasing occurrence of C. 
trichistandra from low to high elevations led to an uneven distribution of the number 
of collected cores. 
3.1 Introduction 
3.2 Chronological Description 
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For C. trichistandra, the analysis of the collected cores was not possible. Due to the 
drought coping strategy of stem succulence of this species, the cores where soaked 
with water. Despite breaking in only few centimeter long pieces of the usually 60 cm 
cores during the drying procedure, the 5 mm diameter cores shrunk to approx. 3mm 
in diameter, thereby destroying the internal wood anatomical structure. 
Such problems did not occur with E. ruizii and E. velutina, which have drought coping 
strategies of root succulence or a corked bark, respectively. For these species, we 
followed the standard procedure of smoothing the wood surface with razor blades 
or by a sledge microtome to make the wood-anatomical structures visible (Figures 
3.2 and 3.3). Several additional possibilities of preparation, e.g. sanding paper, chalk 
and coloring have been tested, but no improvement regarding the visibility of wood 
anatomical structures came to pass.  
 
Figure 3.1: Smoothed surface of an E. ruizii increment core with 5mm in diameter, 
with visible ring-boundaries (indicated by black triangles) and a large number of 
grouped vessels (GV). 
 
 
Figure 3.2: Smoothed surface of an E. velutina increment core with 5mm in diameter 
streaked with bright wood rays (WR) interrupting fiber bands (FB). 
 
For E.ruizii we found clear differences in vessel distribution, indicating tree-ring 
boundaries. For E.velutina we tried different approaches using color differences and 
tangential continuous fiber bands. 
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Widths of the estimated rings were measured using a Lintab 6 measuring system 
(Rinntech, Heidelberg, Germany) equipped with the TSAP-Win-Software. After 
measuring all collected increment cores, we started the crossdating and 
synchronization process by trying to first synchronize cores taken from the same 
trees. However, crossdating was only possible in a few individual cases. To enhance 
the visibility of the wood anatomical structures with a focus on the detection of the 
possible occurrence of false rings, microscopic thin sections with a thickness of 10-20 
µm were prepared using different types of microtomes. We followed a standard 
procedure, staining this sections with a mixture of Safranin red and Astra blue 
(Gärtner and Schweingruber, 2013). It became apparent that the previous visibility of 
the tree-ring structure of E. ruizii cores was weakened by this losing the indicative 
value of the visible natural colors of the wood (Figure 3.3). 
 
Figure 3.3: Thin section of an increment core (5mm) of Eriotheca ruizii. 
 
This led to the conclusion that there is no possibility of successfully working with 
those species without using additional approaches. 
3.2.1 Inclusion of dendrometer data 
Since the dendrometer recordings showed a clear net amount of increment change 
after one year, we also collected increment cores from the trees equipped with 
circumference sensors. Also, C. trichistandra was sampled again during the dry 
season to bypass the water saturation period and to investigate, if there is any 
possibility to analyze the wood structure of these trees and to estimate the tree ages. 
In total, we collected additional ca. 90 increment cores from the dendrometer 
monitored trees.  
The increment cores of C. trichistandra from the dry season showed the same 
problem as described above for cores collected during the wet season. The outermost 
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parts of the core with a length of several centimeters, including the active xylem not 
being water soaked showed higher stability. However, but most parts of the core 
were still deformed and shrank strongly during desiccation (Figure 3.4). 
 
Figure 3.4: Dried increment core of C. trichistandra with 5mm in diameter. 
The procedure of measuring ring-width variations was then restarted, but even with 
the exact knowledge of the prior year’s circumference growth, it was not possible to 
acquire a viable lead regarding the differentiation between true and false rings. One 
reason for this may lie in the non-circularity of xylem growth.  
Additionally, we searched for fallen trees to collect stem discs to support the analyses 
of the increment cores, an approach that was successfully applied in previous studies 
(Pucha et al., 2015). Unfortunately, it was not possible to find useful trees for cutting 
stem discs because of the rapid decay of woody material in this ecosystem, where 
fungi and termites are extremely active. We acquired one stem disc of E. velutina by 
cutting one tree close to the protected natural forest reserve with the permission of 
the farmland owner (Figure 3.5).  
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3.2.2 Addition of stem disc information 
 
 
Figure 3.5: Stem disc of Erythrina velutina with 25cm in diameter 
 
The stem disc of E. velutina showed ring-like structures, and we were able to assign 
a change of fiber band types as the reason for the visible rings. The analyses of those 
distinct wood anatomical features with the aid of microscopic thin sections was 
promising at first, but the follow-up analyses showed no cross-datable patterns 
between the different individuals. The transition of the different types of fiber bands 
over the, in some cases distinct changes in cell lumen possibly indicating a ring 
boundary, raised doubts (Figure 3.6) leading to the discontinuation of this approach. 
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Figure 3.6: Different types of fiber bands (lignified (LF) and non-lignified (NLF)) and 
multirow wood rays in E. velutina with possible ring boundary indicated by a change 
in cell lumen (black triangles). 
3.2.3 Anatomy of prickles 
With the stem disc, no new insights were obtained helping the analysis of the 
increment cores, due to parenchyma and fiber bands, missing ring boundaries and 
density fluctuations, but the disc provided another, unexpected possibility for 
dendrochronological analysis. The prickles of the stems of E. velutina and C. 
trichistandra got into focus (Figures: 3.7a and 3.7b). Existing studies of prickles are 
scarce, but the formation of cork cambial rings has been described in the literature 
in Quercus suber (Surový et al. 2009).   
 
Figure 3.7: Stems of Erythrina velutina (a) and Ceiba trichistandra (b) showing  
prickles. 
a) b) 
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Following the idea of possible ring formation in prickles, several prickles from E. 
velutina and C. trichistandra were collected and prepared for analyses using a 
microtome. The latter species is losing its prickles with increasing age and the prickles 
did not show any ring-like structure (Figure 3.8), hence the species was discarded 
from further analyses.   
 
   
 
 
                                      Figure 3.8: Prickles of C. trichistandra  
In contrast, prickles of E.velutina looked very promising because the prickles remain 
attached to the tree when getting older, showing a visible ring structure in all 
collected individual specimen (Figure 3.9). 
 
Figure 3.9: Prickles of three different individual trees of E. velutina with clearly visible 
ring structure (identical numbers refer to the same trees).  
 
1a) 2a) 3a) 
1b) 2b) 
3b) 
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Looking at the distinct rings, we hypothesize that the rings are formed annually, 
hence we also measured those ring structures with the Lintab 6 system and TSAP-
Software. 
Preliminary tests showed high correlations within the single individuals and the 
similarities in patterns of wide and narrow prickle rings are already visible to the 
unaided eye. The rings become even clearer in microscopic thin sections. The ring 
boundaries themselves are stained by astrablue, indicating non-lignified and 
therefore active cork cambial bands, useful to rule out false rings. (Figures 3.10 and 
3.11).  
 
Figure 3.10: Stained thin section of a prickle of E. velutina with lignified cells on the 
borders and in the center of the prickle to support the pike (red). Active cambial 
bands are visible in blue.  
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                             Figure 3.11: Detailed cambial cells stained by astrablue. 
The analyses regarding possible climatic signals are promising because prickles of 
trees from the same elevation showed the possibility of crossdating. The number of 
prickle rings ranges from 20 to 30. Furthermore, we found highly significant 
correlations with the dry season precipitation (r=0.62), however these results are still 
preliminary due to the low amount of only six currently analyzed prickles over 20 
years of climate data and need further substantiation by increasing the sample size.  
3.2.4 Explanations for the missing ring boundaries 
After the review of several years of dendrometer data, the reason for the missing ring 
boundaries became obvious for E. velutina: in some years, no net stem growth at 
breast height was recorded, but this phenomenon varied between different 
individuals of the same species on the same plot. In Figure 3.12, the three slowest 
growing individuals showed no increasing increment in one or even two years within 
a four-year monitoring period. From a leaf phenological point of view, no differences 
between individuals were visible, trees without circumference growth at breast 
height showed leaf flush and defoliation simultaneously with those trees with 
circumference increase on the same plot. The elevation-dependent humidity 
gradient is partly mirrored in the absent growth of this species, because no missing 
stem growth was recorded at the uppermost, more humid plot. Alas, there is no clear 
precipitation threshold for circumference growth, and further studies are needed to 
detect which precipitation amount and temporal distribution pattern during the rainy 
season enables radial tree growth.   
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Figure 3.12: Increment changes of different individuals of E. velutina on different 
elevations. Gray bars indicate the rainy season, sums of precipitation falling during 
the wet seasons of the respective years are indicated on top. 
 
The phenomenon of years without measureable growth has been already described 
for the species Loxopterygium huasango (Spannl et al., 2016) at the same study site, 
but not a different reaction between individuals of the same species on the same 
plot. A completely missing growth deprives possible anchor points for crossdating of 
tree-ring series in the form of the usually remarkably small rings (so-called pointer 
years) occurring in all individuals of a site. 
The classical dendrochronological approaches from the temperate climate zone, 
analyzing increment cores with annual growth measurements or wood anatomical 
investigations, e.g. fiberbands, did not lead to success in our case. The varying growth 
reactions of E. velutina even on the same plot could be explained by microsite 
conditions like individual root systems, providing access to deeper water sources of 
some individual trees. Also, slight geomorphological disparities influencing surface 
3.3 Concluding Summary  
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discharge or small differences in tree age could explain the different growth patterns. 
Quantifying those differences to come to a conclusion nevertheless was not possible. 
Taking the worldwide distribution of Erythrina velutina in tropical and subtropical 
regions into consideration, any climatic information embedded inside the formation 
of growth zones inside prickles would extend the possibilities of tropical and 
subtropical dendrochronology. We will continue this investigation in further studies 
of the dry forest in Ecuador by extending the number and the sampling area and 
additionally equipping individual prickles with logging point dendrometers.  
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Abstract 
Trees in tropical dry forests (TDFs) have manifold drought coping strategies including 
succulence of different plant organs, wood anatomical traits and leaf phenology. As 
water availability to plants is the limiting factor for physiological activity, changes in 
precipitation patterns are assumed to have strong influences on tree phenology, 
growth and water turnover. Our objectives were to assess patterns in leaf phenology, 
radial stem circumference changes and sap flux responses to fluctuating moisture 
regimes of selected species. Based on these findings we evaluated the potential 
suitability as indicator species for climate change effects. The study was implemented 
at different elevational positions in a submontane dry forest of southern Ecuador. 
Annual rainfall is 600 mm with an eight months dry period; moisture availability 
slightly increases with altitude because of moist air coming from the Pacific. At three 
altitudes, we studied the tree species Ceiba trichistandra (leaf deciduous, stem 
succulent), Eriotheca ruizii (leaf deciduous, root succulent) and Erythrina velutina 
(leaf deciduous). Reversible stem swelling and shrinking was observed for all three 
species during the whole study period and at all positions at the altitudinal gradient. 
However, it was most pronounced and sensitive in the stem succulent C. trichistandra 
and at the lowest (driest) position. C. trichistandra flushed leaves at dry season 
intermittent rain events, and from dry to wet season leaf out was earlier, and in this 
period sap flux was high while stem circumference decreased. Length of the leaved 
periods of all species increased with altitude. Thus, clear differences among species, 
topographic positions, radial growth and tree water use patterns are revealed; 
especially C. trichistandra responded very sensitive to fluctuating moisture regimes 
with leaf phenology, sap flux and stem diameter variations, and can be regarded as a 
sensitive indicator for assessing climatic variations. 
 
 
 
Keywords: Ecuador, elevation gradient, phenology, sap flux, seasonality, tree 
indicator 
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4.1 Introduction  
Tropical drylands and seasonally dry forests host around 20% of the number of major 
centers of plant biodiversity and endemism (Maestre et al., 2012; Estrada-Medina et 
al., 2013). Tropical dry forests (TDFs) are composed of trees exhibiting different 
drought coping mechanisms, with a majority of deciduous tree species and a small 
number of evergreens (Bullock, 1995). A distinct seasonality in rainfall with the 
occurrence of a prominent dry season of at least six months duration and monthly 
mean precipitation below 100 mm is the decisive factor controlling phenological 
phases, seasonal tree growth rhythms and water consumption of trees (Sayer and 
Newbery, 2003; Mayle, 2004; Krepkowski et al., 2011; Spannl et al., 2016). However, 
trees’ responses to the seasonality of climatic factors vary considerably between 
regions and tree species across the tropics (Wagner et al. 2014; 2016). Besides 
regional climate, local site conditions related to topography (e.g. slope angle, 
exposition, altitude) have an influence on moisture availability for trees. In tropical 
South America, the Tumbesian dry forests cover a vast territory of approx. 87000 km² 
of the equatorial Pacific region of Ecuador and Peru; however, they have thus far 
received little scientific attention (Espinosa et al., 2011). Previous research in TDFs 
mainly focused on tree growth dynamics (e.g. Volland-Voigt et al., 2009, 2011) or 
succession dynamics and conservation aspects (Dupuy et al. 2012; Pineda-Garcia et 
al. 2013; Buzzard et al., 2015). Detailed knowledge on relations between climatic 
conditions and tree water-use is scarce (Mendivelso et al., 2016), the same holds true 
for drought coping mechanisms of co-existing tree species with distinct physiological 
and phenological traits and resulting tree growth patterns. Such information however 
is needed to derive better knowledge on the provisioning of ecosystem services, 
possible climate change-related threats for dry forest ecosystems, and to choose best 
options for sustainable land use management (Knoke et al., 2014). 
Trees growing in drought-stressed environments developed different strategies to 
cope with seasonal water shortage, like e.g. drought avoiders and drought tolerant 
species (Gebrekirstos et al., 2006). Tree physiological and wood anatomical traits and 
phenological behavior determine the degree of water stress experienced by different 
tree species. Several studies conducted in dry forests examined leaf traits like 
stomatal conductance, turgor, and water potential (Brodribb and Holbrook 2003; 
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Brodribb et al., 2003; Bucci et al., 2005; Fu et al., 2012), indicating that plant water 
use is usually controlled by a combination of plant physiological and architectural 
traits. Wood saturated water content, which is inversely related to wood density, 
buffers the impact of seasonal drought, and enables flowering and flushing during 
the dry season (Borchert, 1994; Stratton et al., 2000). Seasonal changes in stem 
diameter can thus be used as an in-direct measure of changes in tree water status 
(Borchert, 1994). Interactions between transpiration, stem water storage and 
environmental factors result in species-specific patterns of phenology and tree water 
use (Singh and Kushwaha, 2016), and have a high ecological significance in drought 
stressed environments. We studied tree responses to seasonal changes and inter-
seasonal fluctuating moisture conditions in a dry tropical forest in southern Ecuador. 
Our objectives were to assess response patterns in leaf phenology, stem diameter 
variations, tree growth dynamics, and sap flux to fluctuating moisture conditions for 
different tree species and at different sites. The main aim of our study was to identify 
tree species that are sensitive indicators for climatic variations throughout the 
seasons, and which could be used to monitor climate change effects in TDFs.  
4.2 Material and Methods 
4.2.1 Study area and tree species 
The study was conducted in the Laipuna Forest Reserve in southern Ecuador, which 
belongs to the Tumbesian dry forest ecoregion. The region is characterized by hilly 
terrain and altitudes of 600 to 1450 m asl. Annual precipitation strongly varies 
interannually and ranges between 350 and 800 mm. Moisture availability increases 
with elevation due to an increase in precipitation and a decrease of temperature and 
related atmospheric vapor pressure deficit (VPD). Annual precipitation distribution 
shows a distinctive dry season from June to December, but even during the rainy 
season which lasts from January to May, shorter drought periods are common (Pucha 
Cofrep et al., 2015). Moisture bringing air masses during the wet season originate 
mainly from the Pacific Ocean, and precipitation events mostly occur during night 
times (Spannl et al., 2016). Annual mean temperature is 23.7°C and shows little 
variability throughout the year.  
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Figure 4.1: Climate diagram of the study area. 
To study tree responses to climatic and site conditions along an elevation gradient, 
three study plots were established at altitudes of 670, 860 and 1100 m asl. We 
selected three tree species (Eriotheca ruizii (K.Schum.) A.Robyns (Malvaceae), Ceiba 
trichistandra (A.Gray) Bakh. (Malvaceae), Erythrina velutina Willd. (Fabaceae)) that 
are characteristic for the South Ecuadorian dry forest and belong to the most 
abundant species. Importance Value Indices (IVI = relative abundance + relative 
dominance + relative frequency) according to Curtis and McIntosch (1951) were 48.3 
for E. ruizii, 37.4 for C. trichistandra, and 24.3 for E. velutina in this forest (Homeier, 
unpublished). All three species are canopy trees with a large ecological amplitude, 
only the abundance of C. trichistandra decreases towards higher elevation. C. 
trichistandra and E. ruizii are endemic to the region, whereas E. velutina shows a 
wider distribution and is commonly used in reforestation projects, e.g. Brazil (Souza 
et al., 2016). All three species are deciduous but differ in their drought coping 
strategies, which makes them excellent study objects as indicator species, i.e. E. ruizii 
is a root succulent, C. trichistandra is a stem succulent, and E. velutina shows a corked 
bark. C. trichistandra starts to flush leaves in the late dry season before the onset of 
the rainy season; the other two species start bud break after the first pronounced 
rain events during the early rainy season. Tree behavior during four distinct climatic 
periods (dry season, early wet season, middle of wet season and late wet season), 
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which are distinguished by different levels of precipitation, vapor pressure deficit and 
soil moisture, was examined from March 2014 to June 2015. Leaf phenology was 
assessed through hemispherical photography during transition phases from wet to 
dry in April – June 2014 and from dry to wet in December-February 2015 on all plots. 
Therefore a 1 ha systematic sampling grid (30 x 30 m) was laid over the center of each 
plot using ArcGIS, resulting in nine sampling points per altitude. Photos were taken 
every four days during the early morning (6:00 – 9:00 am) or late afternoon (4:00 – 
6:00 pm) in order to avoid strong direct sunlight in the camera. All sampled 
individuals were covered by the hemispherical photographs. The images were 
processed with CAN EYE version 5.0 (INRA, France). Canopy coverage was estimated 
every 15 days by visual assessment from November 2013 until October 2015 and 
categorized into groups from 0-25%, 26-50%, 51-75%, 76-100% and fully leafed 
according to Fournier et al. (1974). 
4.2.2 Soil moisture and meteorological measurements 
Volumetric soil water content (hereafter referred to as soil water content, SWC, %) 
was continuously measured at all three plots using TDR (time domain reflectometry) 
probes (CS616, Campbell Scientific, Inc., Logan, UT, USA). At the center of each plot 
four probes were installed in a rectangular spacing by 4 x 4 m at a depth of 30 cm. Air 
temperature and relative humidity (CS215, Campbell Scientific, Inc., Logan, UT, USA) 
were measured 2 m above the ground at the study sites at 860 and 1100 m asl. Data 
were recorded every 30 seconds, averaged over 30 minutes and stored in a CR1000 
data logger (Campbell Scientific). Meteorological data for the lowest study site was 
taken from the nearby climate station (THIES Climate, Germany), located 700m to the 
SSE at 590 m asl. in open field. 
4.2.3 Sap flux measurements 
Sap flux density was continuously measured from April 2014 to June 2015 on four 
tree individuals of each species at each altitude. The selected tree individuals had to 
be within a range of 20 m from the plot centers to assure sufficient signal power for 
the sap flux measurements. Apart from these restrictions, individuals were chosen 
randomly. 
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Thermal dissipation probes after Granier (1987) were used, which consisted of a pair 
of probes with a diameter of 2 mm and a length of 20 mm. Every tree was equipped 
with two sensors (one facing north, one facing south) at a height of 1.3 m above 
ground in the outermost xylem. Sensors were covered by Styrofoam boxes and 
reflective foil to protect against physical impacts, solar radiation and water. The 
upper probe of the sensor pair was continuously heated through a heating wire that 
was supplied with a constant power source of 120 mA. The temperature difference 
between the two probes was measured every 30 seconds and averages were stored 
every 30 minutes (CR1000 data logger and AM 16/32 Multiplexer, Campbell 
Scientific, Inc, Logan, UT, USA). Temperature differences were further converted to 
sap flux density (Js in g cm-2 h-1) according to the empirically derived equation of 
Granier (1987). If sap flux data for single sensors were incomplete during a day due 
to power shortage or maintenance, the specific sensor did not enter the analysis on 
the respective day. Installations at the lowest plot were under maintenance in the 
beginning of February 2015 for two weeks; hence no data was available during that 
time. Short power shortages occurred randomly during the measurement period. 
4.2.4 Dendrometer measurements  
Circumferential change was measured with logging band dendrometers (LBDs) with 
a built-in thermometer (DRL26, EMS Brno) on the same trees that were equipped 
with thermal dissipation probes. In the case of E. ruizii and E. velutina dendrometers 
were attached at breast height on the stems. However, stems of C. trichistandra form 
characteristic buttress-roots; hence we mounted the dendrometers at approximately 
two meters stem height to ensure that the bands enclose the complete stem 
circumference. In some cases it was necessary to carefully smooth the bark before 
installation.  
4.2.5 Wood and bark traits 
All studied species show a diffuse porous wood anatomy. Average wood density of E. 
ruizii (0.47 g cm-3) was higher than that of C. trichistandra (0.26 g cm-3) and E. velutina 
(0.2 g cm-3) (Zanne et al. 2009) (Table 4.1). To determine bark thickness, 30 wood 
cores per species were collected with Mora increment borers (5 mm wide, 150-600 
mm long). Bark thickness differed significantly between species (p<0,001, Welch) and 
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showed means of 1.0±0,2 mm for C. trichistandra, 3.9±0,8 mm for E. velutina, and 
22.3±3,9 mm for E. ruizii, respectively. While bark of the first two species showed no 
shrinkage after drying, bark of E. ruizii contracted strongly during drying. Increment 
cores of C. trichistandra exhibited strong shrinkage and deformation after 
desiccation. 
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4.2.6 Statistical analysis 
The relationships between sap flux density, change in stem circumference and 
environmental variables (SWC, VPD and precipitation) were tested with linear 
correlations. All assumptions for linear correlations were tested and fulfilled. All 
statistical analyses were conducted with RStudio version 3.2.2 (R Development Core 
Team, 2015). 
 
4.3.1 Seasonality of leaf phenology and changes in stem circumference 
At the beginning of the study period (April 2014) leaf shedding started in the early 
dry season due to low rainfall in the previous month. Stem circumference of C. 
trichistandra and E. ruizii decreased during this period of declining SWC, until an 
unusual rain event occurred at the beginning of May, which lasted for several days. 
This led to stem-rehydration of the completely defoliated trees (Figure 4.2). With the 
advancing dry season marked differences between the studied tree species became 
evident. Whereas C. trichistandra and E. ruizii showed a continuous decrease in stem 
circumference, E. velutina maintained a stable circumference (Figure 4.2). Bud break 
in C. trichistandra occurred in mid-December, which is about four weeks before the 
onset of the wet season. Its leaves were fully flushed 2-3 weeks after bud break. 
During this time stem circumference decreased sharply until the first strong rain 
events took place (end of January 2015; Figure 4.2). In E. ruizii and E. velutina bud 
break occurred at the beginning of the first heavy rains in mid-January 2015, and 
leaves were fully flushed 2-3 weeks later (Figure 4.3). During the wet season, when 
all species showed maximum foliage, C. trichistandra and E. ruizii displayed several 
alternating periods of strong diel stem circumference variations from January to April 
2015, which was strongly related to precipitation patterns. E. velutina generally 
showed minor amplitudes of stem circumference variations in the first half of the wet 
season, but a sharp increase in stem circumference in the second half of the wet 
season. E. velutina and C. trichistandra flowered in the middle and at the very end of 
the wet season, respectively. Leaf shedding of all species started in the early dry 
season in mid-June. For C. trichistandra and E. ruizii, defoliation was followed by an 
4.3 Results  
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increase in circumference caused by rehydration of the stems. This process of 
rehydration was visible in both study years, as well as the early bud break of C. 
trichistandra before the occurrence of the first rains. 
  
Figure 4.2: Mean cumulative stem diameter for E. ruizii, C. trichistandra and E. 
velutina calculated from 12 individuals each during the study period from April 2014 
to January 2016. Numbered arrows indicate bud break, leaf flushing, leaf shedding 
and re-flushing after a rain event. Light grey bars indicate the length of the wet 
season, small dark grey bars a-f indicate the examined periods characterized by 
distinct soil water conditions. 
Chapter 4 | Tree responses to moisture fluctuations in a neotropical dry forest as potential 
climate change indicators 
   | 46 
 
 
Figure 4.3: Change of foliation for E. ruizii, C. trichistandra and E. velutina during two 
consecutive years within the study period. The course of foliation for E. ruizii and E. 
velutina was observed to be the same over the course of the study. 
 
4.3.2 Influence of different climatic periods on tree behavior along the elevation  
          gradient 
During the early wet season, sap flux densities of C. trichistandra were low at the 
lowest study site, and followed daily variations in VPD (R² = 0.75; p < 0.001, Table 
4.2), whereas diel changes in stem circumference were pronounced and maximum 
values followed the gradual decline in SWC (Figure 4.4) (R² = 0.82, p < 0.001, Table 
4.2). By that time the other two species were still in the leaf flushing process, and a 
mean canopy coverage of 30% was recorded. Changes in stem circumference 
followed SWC in both species (R² = 0.93, p < 0.001, Table 4.2). The partly increasing 
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error bars for Δ Circumference result from the fact that the individual stem sizes do 
not have an everyday common baseline like the sap flux data and hence stem 
circumferences may diverge during consecutive days. 
At the highest altitude, a similar leaf development pattern was observed. Daily 
variations in stem circumference showed minimum values during daytime, but 
increased during nighttime; no long-term decrease in circumference was detected. 
SWC was high with a slight decrease over the displayed period (Figure 4.4). Sap flux 
density of C. trichistandra was higher than at the lowest elevation and followed 
diurnal courses of VPD (R² = 0.72; p < 0.001, Table 4.2). The displayed sap flux patterns 
of E. velutina and E. ruizii were comparable to fully leafed trees and mainly driven by 
VPD (R² = 0.57 and R² = 0.52, p < 0.001 respectively, Table 4.2). 
In the middle of the wet season with decreasing SWC (Figure 4.5), C. trichistandra 
and E. ruizii responded quickly to short (two weeks) dry periods. From wet season 
maximum values, stem circumference strongly decreased during daytimes when sap 
flux was high. During nights, stem circumferences increased until sunrise. The 
magnitude of the described effects was influenced by soil water availability and 
therefore most pronounced at 670m asl., and diminished with increasing altitude. 
However, while C. trichistandra responded within two days after the last rain event, 
E. ruizii responded with a delay of five days. For E. velutina sap flux only slightly 
decreased, and stem circumference remained constant. When such dry spells were 
interrupted by rain events (Figure 4.6, middle of wet season, increasing SWC), C. 
trichistandra and E. ruizii responded with pronounced stem diameter increase caused 
by rehydration, especially at the two lowest elevations. Here we found an increase in 
the relation between SWC and stem diameter variation (for both species R² > 0.8, p 
< 0.001, Table 4.2). The time-lag between rain-event and rehydration of the trunk 
was approximately 4h. The increase in stem circumference was highest during night 
times when sap flux density was low. During daytimes, stem circumferences of C. 
trichistandra and E. ruizii remained stable or even declined, as sap flux density was 
high (Figure 4.7). In contrast, E. velutina was not affected by the short dry period and 
maintained a stable circumference. C. trichistandra and E. ruizii showed high 
correlations for sap flux density and VPD at 1100 m asl. (R² = 0.66, and R² = 0.60, p < 
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0.001, respectively, Table 4.2). When rainfall considerably declined at the end of the 
wet season (Figure 4.7), all species showed reduced sap flux rates at the lowest site. 
The most pronounced decrease in sap flux density was observed at 670m asl. for all 
species (E. velutina 50%, E. ruizii 40% and C. trichistandra 20%). At all elevations sap 
flux density and VPD were highly correlated in all species (R² > 0.60, p < 0.001, Table 
4.2). Changes in circumference for C. trichistandra as well as for E. ruizii were 
influenced by SWC (R² = 0.70, p<0.001 and R² = 0.61, p<0.001, respectively, Table 4.2). 
At the highest elevation a higher SWC was observed, and sap flux was not reduced 
for any species (Figure 4.7)
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 Figure 4.4: Start of wet season, course over five consecutive days (9.2.-13.2.2015) of 
diel change in stem circumference (Δ Circumference measurements, solid line) and 
sap flux density (Js measurements, dashed line) for n = 4 individuals per species and 
plot. Vapor pressure deficit (VPD, solid line) and volumetric soil water content (SWC, 
dashed line) is shown for all three elevations, medium precipitation (30mm) was 
recorded earlier on Feb.7th, 2mm precipitation on Feb. 9th, followed by dry 
conditions. Missing data for E. ruizii and E. velutina at 670 m asl. due to maintenance 
during this observation period. Error bars represent standard deviation. 
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Figure 4.5: Middle of wet season (decreasing soil water level), course over five 
consecutive days (6.3.-10.3. 2015) of diel change in stem circumference (Δ 
Circumference measurements, solid line) and sap flux density (Js measurements, 
dashed line) for n = 4 individuals per species and plot. Vapor pressure deficit (VPD, 
solid line) and volumetric soil water content (SWC, dashed line) is shown for all three 
elevations, little precipitation (15mm) was recorded earlier, followed by two weeks 
of dry conditions. Missing sap flux data due to power shortages. Error bars represent 
standard deviation. 
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Figure 4.6: Middle of wet season (increasing soil water level), course over five 
consecutive days (16.3.-20.3. 2015) of diel change in stem circumference (Δ 
Circumference measurements, solid line) and sap flux density (Js measurements, 
dashed line) for n = 4 individuals per species and plot. Vapor pressure deficit (VPD, 
solid line) and volumetric soil water content (SWC, dashed line) is shown for all three 
elevations, earlier no precipitation was recorded, it rained on 18th of March during 
the displayed period and continued raining. Missing sap flux data due to power 
shortages. Error bars represent standard deviation. 
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Figure 4.7: End of wet season, course over five consecutive days (20.5.-25.5.2015) of 
diel change in stem circumference (Δ Circumference measurements, solid line) and 
sap flux density (Js measurements, dashed line) for n = 4 individuals per species and 
plot. Vapor pressure deficit (VPD, solid line) and volumetric soil water content (SWC, 
dashed line) is shown for all three elevations, no precipitation was recorded earlier 
nor during the displayed period. Missing sap flux data due to power shortages. Error 
bars represent standard deviation. 
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4.3.3 Tree response to intermittent rainfall events in the dry season 
The first rainy season and transition-phase from wet to dry (April-May 2014) was 
characterized by the occurrence of single precipitation events that brought low 
amounts of rainfall in April, but 70 mm precipitation in the first half of May, which is 
normally a rather dry month (Figure 4.1). This precipitation pattern induced early 
shedding of leaves and by the end of April all species were defoliated (Figure 4.3). 
The extended rainfall in the first half of May caused a short re-flushing of leaves in 
some individuals of C. trichistandra at 670 and 860 m asl. at the end of May, as 
indicated by increased sap flux rates (Figure 4.8). The same re-flushing was also 
observed for E. velutina, but no sap flux data were available due to power shortages 
during that time. E. ruizii did not respond to this rain event. A clear response to the 
precipitation in beginning of May is visible for C. trichistandra and E. ruizii as a 
pronounced stem circumference increase in the dendrometer data (Figure 4.2). By 
the time, C. trichistandra was re-flushing and increasing sap flux rates, the effect of 
the intermittent rain event on change in circumference disappeared (Figure 4.8).  
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Figure 4.8: Course over five consecutive days of diel change in stem circumference 
(dendrometer measurements, solid line) and sap flux density (TDP measurements, 
dashed line) at 670m asl., after 5mm of precipitation during April 2014 (upper panel, 
30.4.-4.5.2014) C. trichistandra was completely defoliated and displayed no sap flux 
patterns, and after 70mm of precipitation during May 2014 (lower panel, 25.5.-
29.5.2014) C. trichistandra was able to re-flush some leafs which led to increased sap 
flux rates. 
 
4.3.4 Diurnal stem diameter variations 
The diel stem shrinking and swelling processes can be divided into three distinct 
phases (stem increment, stem contraction, and stem recovery; Deslauriers et al. 
2007) that are related to water loss during the day, stem refilling during the night, 
and cambial growth processes. Active tree growth is assumed when stem diameters 
exceed the previous maximum diameter of the stems (Deslauriers et al. 2007; 
Krepkowski et al., 2011; Spannl et al., 2016). Although air temperature is not a direct 
driver of plant water use, it affects environmental parameters like VPD, SWC, and 
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transpiration rates strongly. Hence, stem diameter variations follow the diurnal 
course of environmental conditions that are related to air temperature (Figure 4.9). 
In case of C. trichistandra and E. ruizii, stem recovery started during the late 
afternoon and lasted until the early morning when it changed into growth. Stem 
recovery in E. velutina was prevalent until midnight; from then on constant growth 
was recorded lasting for approximately 7 hours before the contraction phase 
restarted (Figure 4.9). These recovery and increment processes were not clearly 
distinguishable in C. trichistandra and E. ruizii. Those two species showed reversible 
stem shrinkage at hourly and seasonal scales, which can lead to negative increment 
rates. On the other hand, only little stem shrinkage was recorded for E. velutina 
during the dry season. Nevertheless, the growth habit of this species was 
characterized by strong seasonality (Figure 4.2). During the dry season a different 
effect was visible and E. velutina and E. ruizii started to recover during the day, while 
C. trichistandra showed similar reactions, but started contracting when a 
temperature threshold of 32 °C was exceeded (Figure 4.9). The absolute change in 
circumference was low during the dry season. 
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Figure 4.9: Changes in stem circumference during parts of the wet (March-April) and 
dry season (November), grey shading indicates the different phases of stem variation 
(increment, recovery, and contraction) for the indicated time for each day of the 
month, grey line displays diurnal changes of air temperature (°C). Data are derived 
from band dendrometer recordings.  
 
 
 
  
Chapter 4 | Tree responses to moisture fluctuations in a neotropical dry forest as potential 
climate change indicators 
   | 57 
 
4.3.5 Main drivers of stem variation, sap flux density and leaf phenology 
During the dry season all species shed their leaves, hence no foliage and no sap flux 
was observed (Table 4.3). Radial stem variations indicate moderate contraction for C. 
trichistandra and pronounced contraction for E. ruizii; E. velutina remained its 
circumference throughout the dry season. These observations are representative for 
the whole studied elevation gradient. In the early to middle wet season, VPD was the 
main driver for radial variations for C. trichistandra and E. velutina at the two lower 
elevations and for E. ruizii at the highest elevation. SWC influencing radial variation 
became important in the late wet season for all species, especially at the two lower 
study sites. Sap flux density showed a clear linkage to VPD throughout the early to 
middle wet season for all species in all elevations. During this time, the influence of 
SWC on sap flux density did not follow a clear pattern, but in the late wet season we 
observed a strong influence at the highest elevation for all three species. For the two 
lower plots VPD was identified as the main driver for sap flux density during the late 
wet season.  
C. trichistandra reacted most sensitive to all driving variables. The main changes in 
circumference of C. trichistandra were influenced by VPD and SWC with respect to 
different climatic periods. The distinct phases, leaf flushing, leaf shedding and the 
ability to re-flush were clearly visible (Figures 4.2+ 4.4-8). The concordance of daily 
circumference changes of C. trichistandra and precipitation during the rainy season 
was investigated statistically. Highest correlations were found for daily circumference 
changes and precipitation amount of the preceding day (R² adj. =0.31; p<0.01). The 
same effect was found for E. ruizii (R² adj. =0.27 p<0.05), but not for E. velutina.
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Table 4.3: Seasonal tree responses in leaf phenology, radial variation and sap flux to moisture fluctuations. Arrows indicate increase, 
decrease or constant behavior; n.a. – data not available due to maintenance of sap flux installations. 
 
 
Dry season  Early wet season  Middle wet season  Late wet season  
Canopy 
foliage 
Sap 
flux 
Radial 
variation 
Canopy 
foliage 
Sap 
flux 
Radial 
variation 
Canopy 
foliage 
Sap 
flux 
Radial 
variation 
Canopy 
foliage 
Sap 
flux 
Radial 
variation 
Lower slope (670 m) 
            
C.trichistandra none none ↓ ↑ ↑ ↑ → → ↑ ↓ ↓ ↑ 
E.ruizii none none ↓ ↑ n.a. ↑ → → ↑ ↓ ↓ → 
E.velutina none none → ↑ n.a. → → → ↑ ↓ ↓ → 
Middle slope (860 m) 
            
C.trichistandra none none ↓ ↑ ↑ ↑ → → ↑ ↓ ↓ ↑ 
E.ruizii none none ↓ ↑ ↑ ↑ → → ↑ ↓ ↓ ↑ 
E.velutina none none → ↑ ↑ → → → ↑ ↓ ↓ → 
Upper slope (1100 m) 
            
C.trichistandra none none ↓ ↑ ↑ ↑ → → ↑ ↓ → ↑ 
E.ruizii none none ↓ ↑ ↑ ↑ → → ↑ ↓ → ↑ 
E.velutina none none → ↑ ↑ → → → ↑ ↓ ↓ → 
Chapter 4 | Tree responses to moisture fluctuations in a neotropical dry forest as potential 
climate change indicators 
   | 59 
 
4.4 Discussion  
The studied trees responded sensitive to fluctuating moisture regimes with leaf 
phenology, sap flux and stem diameter variations. We found differences among 
species and along an altitudinal gradient and want to clarify which species or 
physiological trait is most suitable as indicator. To evaluate and interpret the 
differences we applied linear regressions, however it was not possible to address 
spatial autocorrelation due to our plot design. So far only a limited number of sap flux 
studies along environmental gradients exist, that explicitly address the problem of 
spatial autocorrelation (Adelman et al., 2008; Loranty et al., 2008). Our approach 
followed other ecological studies facing similar problems (e.g. Nilsen et al., 1990, 
Malhi et al., 2004, Kubota et al., 2005, Kume et al., 2006, Mendivelso et al., 2016). 
Regarding future studies this issue should be addressed more carefully in the study 
design.  
 
4.4.1 Response of diurnal stem diameter variations to fluctuating moisture regimes  
          and climate 
Main drivers for stem water status in tropical dry forests are precipitation, SWC and 
temperature (Singh and Kushwaha, 2016). Stem water status depends on the balance 
of absorption of water by the roots and water loss through leaf transpiration 
(Borchert, 1999). Contraction and swelling phases recorded during the rainy season 
therefore can be related to tree water relations, which in turn are connected to 
environmental variables (Steppe et al., 2015). The first water transpired during the 
early day is the water stored in the branches near the crown (Goldstein et al., 1998). 
In our study, on a bright day, these reserves were rapidly depleted through increasing 
transpiration rates, driven by increasing VPD, leading to further depletion of the stem 
water storage over midday and to stem contraction (Figure 4.9). This relation of stem 
contraction and air temperature indicates that transpiration and water loss through 
the crown are responsible for stem shrinkage for all our studied species during the 
rainy season. During the dry season when water is the principal limiting factor for 
tree physiological activity, the main part of stored stem water is located in the 
sapwood (Singh and Kushwaha, 2016). The quantity of stored water negatively 
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correlates with wood density and increases with the amount of living parenchyma 
cells. In addition, the link between hydraulic properties (i.e. stem water storage 
capacity, xylem water transport, regulation of leaf water status and avoidance of 
turgor loss) and wood density should be taken into account, since tree physiological 
efficiency is dependent on these factors (Singh and Kushwaha, 2016). Our findings for 
the dry season (Figure 4.9) indicated stem swelling throughout the day in the absence 
of sap flux and foliation, this could refer to thermal expansion of stored water in the 
wood and is comparable to results obtained in Bolivia on Cedrela fissilis and 
Centrolobium microchaete (Mendivelso et al., 2016).  
As a result, the observed seasonality and different phenological responses may be 
related to the differences in wood density and anatomy (hydraulic properties of the 
stem) as well as the seasonal fluctuations in stem water status caused by SWC and 
VPD. 
4.4.2 Differences among species along the altitudinal gradient 
Stem diameter variations of C. trichistandra responded to SWC by swelling and 
shrinking during the whole rainy season. This species reacted very fast to rain-events 
with water uptake and related stem rehydration and growth. The increase of stem 
circumference was only interrupted when SWC decreased. At the end of the wet 
season, changes in circumference declined within two weeks with little or no rain. 
During the following dry season, a slight decrease of circumference was recorded in 
2014, whereas in 2015 circumference remained stable. Trees from tropical dry 
forests normally show reduced or even absent cambial activity after the start of the 
dry season, regardless of their leaf phenology (Worbes et al., 2013). Sap flux density 
of C. trichistandra correlated with VPD if SWC levels were high. This was especially 
due at 1100m asl., where SWC was not limiting. 
As a stem succulent, C. trichistandra has a low wood density and a high proportion of 
parenchyma cells, which can take up high amounts of water in short time. This leads 
to a gain of wood stability due to hydraulic support (Romberger et al., 1993). Our 
findings indicate a limited use of stem water despite of early flushing, which was also 
described for Adansonia trees of the same family (Chapotin et al., 2006).  
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E. ruizii was sensitive to soil moisture variations during the whole growing season, 
showing pronounced shrinking and swelling of water conducting tissue of the bark, 
which contributes to the stem’s total capacitance (Díaz-Espejo et al., 2013; Rosell and 
Olson, 2014). This species is a root succulent with water storage organs below 
ground. Hence, E. ruizii did not respond to daily changes in VPD, leading to less 
pronounced diel stem diameter amplitudes compared to C. trichistandra. E. velutina 
showed most pronounced stem diameter variations at the end of the wet season. In 
contrast to the other two species, E. velutina did not exhibit a pronounced diurnal 
shrinking and swelling, which indicates that it has only sparse internal water reserves 
even though it has very low wood density. Therefore E. velutina might be able to cope 
with short drought events by immediate leaf shedding and when conditions have 
recovered, with re-flushing of leaves (Díaz and Granadillo, 2003). The ability of fast 
leaf shedding is considered an adaptation to avoid vessel cavitation due to water 
stress, which is common in pioneer species with low wood density (Méndez-Alonzo 
et al., 2013). Sap flux showed its strongest correlation to VPD at the highest site and 
during the early to middle wet season, but correlation vanished during periods of 
decreasing SWC at the end of the wet season. 
We observed a uniform and synchronous bud break of C. trichistandra approximately 
one month before the first rains in the late dry season. This phenomenon was 
observed at different elevations in the study area, as well as surrounding parts, and 
may indicate a changing length of the photoperiod as controlling factor for bud break 
in C. trichistandra. Borchert et al. (2002) found this especially to be the case for trees 
in equatorial forests. The other two species showed a direct response to the onset of 
the first rains in the early wet season. Due to the undulating terrain of the study area 
and a resulting high spatial variation in micro-climatic conditions, these first rain-
events occurred unevenly distributed and therefore an asynchronous bud break can 
be expected. Due to the high inter-annual variations in the amount and distribution 
of rains and thus the length of the growing season we could clearly observe an effect 
on leaf phenology, like early shedding of leafs or re-flushing events. The response to 
moisture fluctuations revealed intra-species variations in phenology, guided by 
changes in SWC. We found a prolonged foliation at the highest elevation during the 
late wet season, when trees at lower elevations already started leaf shedding and 
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decreased sap flux rates. The flexibility in leaf fall timing broadens the ecological 
range of different species within the tropical dry forest ecosystem.  
Tropical dry forests are often composed of trees belonging to different functional 
types, in which bud break, flushing and shedding of leaves occur at varying times 
during and after the dry season (Borchert et al., 2002). Vegetative bud break can be 
triggered for example by the length of the photoperiod or first rains at the beginning 
of the wet season (Rivera et al., 2002). The elevation gradient is manifested in an 
increasing length of the leaved periods of all species, which is most likely related to 
differences in moisture regime. The factor responsible for the initiation of certain 
phenological events may be determined by careful observation of tree behavior over 
consecutive study years.   
4.4.3 Tree indicators of climate change in a dry forest 
Clear differences among species, topographic positions, radial growth and tree water 
use patterns were revealed. Our results indicate a strong sensitivity of C. trichistandra 
to changes in moisture regime regarding radial stem variations and leaf phenology, 
especially at the lowest elevation. E. ruizii is equally sensitive, but only in its response 
in radial stem variations. E. velutina shows indicator potential due to its phenology, 
i.e. the ability to re-flush. These responses make the species suitable as indicator 
species at different scales. Sap flux density measurements were also indicative, but 
are very costly in terms of equipment and maintenance. Leaf phenology can be easily 
observed from the ground or by remote sensing. Radial stem variation data is more 
expensive to collect but shows a high level of detail and needs low maintenance. 
During the rainy season, stem circumference of C. trichistandra and E. ruizii 
responded very sensitive to even small amounts of precipitation or changes in SWC. 
In contrast, E. velutina did not respond to short-term variations in water availability, 
but reacted on a seasonal scale. During the dry season minor stem contraction 
occurred in C. trichistandra, and major contraction in E. ruizii, whereas E. velutina was 
able to retain its stem circumference. The immediate visible change in circumference 
allowed detailed comparison between different phases considering SWC. Sap flow 
showed a more complex seasonal course influenced by a couple of determinants, and 
4.5  Conclusions 
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is therefore well suited for physiological research, but not as a straightforward 
indicator. C. trichistandra showed a clear response to subtle changes in moisture 
availability, which was reflected in its leaf phenology and radial stem variations. E. 
ruizii shows an equally sensitive response regarding radial stem variation, but would 
not be of use considering leaf phenological observations. E. velutina would only be 
viable for a phenological approach, but a clear visible reaction in radial stem 
circumference could indicate extreme climatic events. This could be useful in the 
context of the large distributional area of this species. C. trichistandra can be thus 
regarded as the most valuable indicator tree for changes in seasonality and rainfall 
regimes, and may contribute as an indicator towards monitoring ecosystem functions 
of the South Ecuadorian dry forest ecosystem. 
The link between physiological characteristics (i.e. stem succulence of C. trichistandra 
and water storage in bark for E. ruizii) and indicator species based on radial stem 
variation needs further investigation. 
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Abstract 
Under drought conditions, even tropical rainforests might turn from carbon sinks to 
sources, and tree species composition might be altered by increased mortality. We 
monitored stem diameter variations of 40 tree individuals with stem diameters above 
10 cm belonging to eleven different tree genera and three tree life forms with high 
resolution dendrometers from July 2007 to November 2010 and additionally March 
2015 to December 2017 in a tropical mountain rainforest in South Ecuador, a 
biodiversity hotspot with more than 300 different tree species belonging to different 
functional types. Although our study area receives around 2200 mm of annual 
rainfall, dry spells occur regularly during so-called “Veranillo del Niño” (VdN) periods 
in October-November. In climate change scenarios, droughts are expected with 
higher frequency and intensity as today. We selected dry intervals with a minimum 
of four consecutive days to examine how different tree species respond to drought 
stress, raising the question if some species are better adapted to a possible higher 
frequency and increasing duration of dry periods. We analyzed the averaged species-
specific stem shrinkage rates and recovery times during and after dry periods. The 
two deciduous broadleaved species Cedrela montana and Handroanthus chrysanthus 
showed the biggest stem shrinkage of up to 2 mm after 10 consecutive dry days. A 
comparison of daily circumference changes over 600 consecutive days revealed 
different drought responses between the families concerning the percentage of days 
with stem shrinkage/increment, ranging from 27.5 to 72.5% for Graffenrieda 
emarginata to 45–55% for Podocarpus oleifolius under same climate conditions. 
Moreover, we found great difference of recovery times after longer-lasting (i.e., eight 
to ten days) VdN drought events between the two evergreen broadleaved species 
Vismia cavanillesiana and Tapirira guianensis. While Vismia replenished to pre-VdN 
stem circumference after only 5 days, Tapirira needed 52 days on average to restore 
its circumference. Hence, a higher frequency of droughts might increase inter-species 
competition and species-specific mortality and might finally alter the species 
composition of the ecosystem. 
 
Keywords: stem diameter variations, dendrometer, tropical mountain rainforest, 
drought recovery, tree life form 
Chapter 5 | Tree circumference changes and species-specific growth recovery after extreme 
dry events in a montane rainforest in southern Ecuador 
   | 73 
 
Global change, especially climate change, affects forests worldwide, with adverse 
effects on biodiversity and ecological services like carbon sequestration. Hence, 
understanding forest responses to climate variability is key to conservation and 
protection of forest ecosystems (Anderson-Teixeira et al., 2015). Especially, selective 
mortality of species can trigger long-term shifts in forest communities (Anderegg et 
al., 2013). Climate induced changes in forest composition are therefore an important 
scientific topic since several decades (Overpeck et al., 1990). Especially, drought as 
one of the most frequent climatic extremes on a global scale (Allen et al., 2009, 2015) 
and the accompanied increase in atmospheric vapor pressure deficit is, due to its 
partly devastating impact on forests, still under intense debate (Sass-Klaassen et al., 
2016). According to climate modeling results (Fu et al., 2013), drought frequency and 
intensity in the tropics will increase in the near future. Recent studies on gross 
primary production and ecosystem respiration (Cavaleri et al., 2017) revealed that 
tropical forests may shift from carbon sinks to sources under drought conditions (Qie 
et al. 2017). Monitoring stem radial increment with high-resolution dendrometers 
can provide useful information if trees are in a state of active growth and carbon 
uptake, or if they are in a state of cambial inactivity due to drought stress (Steppe et 
al., 2015). However, there is still limited knowledge regarding the seasonal 
occurrence of positive or negative radial diameter or circumference variations of tree 
stems, especially at hourly or daily scale (De Swaef et al., 2015). Furthermore, the 
possibilities of the interpretation of dendrometer readings considering plant 
physiology are not fully exploited yet (Zweifel, 2016). These deficiencies are in 
particular valid for the tropics. Although a number of studies deals with tree growth 
in the tropics on a seasonal or annual level (e.g., Shimamoto et al., 2016; Wagner et 
al., 2016; Xu et al., 2016), only few studies analyze stem diameter variations of 
tropical trees on an intra-daily scale (e.g., Volland-Voigt et al., 2009; Butz et al., 2016; 
Spannl et al., 2016). To directly monitor the impact of drought on a forest and tree 
species specific response, it is necessary to have a close look at the individual tree 
level. Disentangling the various factors leading to stem circumference changes, such 
as swelling and shrinkage of phloem, xylem and bark due to water potential and 
elastic properties of tissues (e.g., Rosner et al., 2009; Robert et al., 2014) and radial 
5. 1 Introduction 
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growth including cambial division and cell expansion are still a topic of ongoing 
research (e.g., Chan et al., 2015; Mencuccini et al., 2017) varying for each species. 
Modeling approaches offer one solution to solve this problem (Hölttä et al., 2010; 
Zweifel et al., 2014; De Swaef et al., 2015; Schippers et al., 2015; Steppe et al., 2015, 
2016; Cocozza et al., 2018), however, complex models require numerous parameters 
with some of them, e.g., initial turgor phloem turgor pressure or elasticity of non-
lignified xylem cells being challenging to acquire under field conditions. A different 
approach is defining growth empirically, if the diameter of a tree exceeds its previous 
day’s maximum (e.g., Deslauriers et al., 2003; Butz et al., 2016; van der Maaten et al., 
2016; Zweifel et al., 2016). Although very promising, this approach has a limited 
capability considering extreme climatic events and considering drought coping 
strategies (e.g., succulence). Due to the constraints of the mentioned approaches we 
focus in the present study on analyzing daily stem diameter responses to drought 
between different tropical tree species and families of different plant functional 
types regarding their resilience and ability to cope with dry spells of varying length. 
Analyzing the impact of climatic extremes on tree circumference provides important 
insights into tree functioning and carbon budget. Hence, analyzing responses of stem 
girth to extreme meteorological events is an important variable in climate-growth-
modeling and helps to improve existing models (Siegmund et al., 2016). Stem 
circumference changes are thus a valuable indicator for analyzing drought legacy 
effects and carbon cycle balance (Anderegg et al., 2015) and tree mortality risks 
which rapidly increase under extreme drought conditions (Meir et al., 2015).   
In this paper we analyze one of the largest dendrometer datasets existing in the 
tropics. Our study is separated into three parts. After examining the general response 
of stem size variations to climate parameters, we first analyzed how the different tree 
species in a moist tropical mountain forest in South Ecuador respond to different 
durations of rare dry spells. Second, we analyzed species-specific differences in 
growth dynamics and drought response over a 600-day period. Third, we compared 
recovery from drought in two contrasting tree species Tapirira and Vismia and draw 
inferences about possible consequences for forest composition in view of expected 
climate change. All add up to the main research question, how different humid 
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mountain rainforest tree species respond to drought stress and if some species are 
better adapted to a possible higher frequency and increasing duration of dry periods. 
5.2.1 Study site and local climate 
The study was conducted in a lower montane rainforest (Homeier, 2004) on the 
eastern declivity of the Cordillera Real in southern Ecuador. The study site is located 
at the northern slope of the Podocarpus National Park (3°58′S, 79°04′W) on an 
elevation of ca. 2000 m asl. The soils at the study site are very heterogeneous, with 
humic cambisols dominating on the slopes (Wilcke et al., 2008). The studied forest is 
located in a biodiversity hotspot and hosts more than 280 tree species, with special 
importance of the families Melastomataceae, Lauraceae, Rubiaceae, and 
Euphorbiaceae (Homeier et al., 2004). 
We used climate datasets used from several local meteorological stations with a 
maximal distance to our study site of approximately 500 m. Mean annual air 
temperature is 15.5°C (Fries et al., 2009), and average annual rainfall is 2200 mm. 
Over the year, the region experiences three different seasons characterized by 
changing wind directions and precipitation amounts: between January and April, 
humid air masses from SE and NE directions dominate, with an average rainfall of 
around 800 mm. During May to August, northeasterly winds dominate, bringing 
about 1000 mm precipitation. Finally, during September to December, only 400 mm 
of rainfall are recorded. In this phase the climate phenomenon “Veranillo del Nino” 
(VdN) may occur, which is caused by a pronounced low pressure system east of the 
Andes weakening the dominating trade winds over our study area. This leads to 
reduced cloud cover and higher amounts of solar irradiance at our study site (Emck, 
2007; Bendix et al., 2008, Rollenbeck et al., 2011). Due to increased outgoing 
longwave radiation (OLR) under clear sky during the night, the daily temperature 
range increases to almost 25K, spanning from 2.4°C during nighttime to 27.1°C during 
daytime. 
Longer dry intervals (7–9 days) almost exclusively occur during VdN events, except 
one drought event during 30.06.2010–06.07.2010 (Supplementary Table S5.1). In oral 
lore of local farmers, VdN reoccurs every year in the first week of November, but its 
5.2 Materials and methods 
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timespan has become more irregular in recent years. The preconditions for its 
occurrence, i.e., a change in the dominant easterly wind direction are also fulfilled in 
October, December and January (Emck, 2007), and four of the other registered dry 
spells arose in those months. Other dry spells with four or more days without 
precipitation occurred in July and August (Supplementary Table S5.1). 
5.2.2 Dendrometer measurements and tree species 
The data for this study were collected during two different study periods. From July 
2007 to November 2010, tree growth dynamics and radial stem changes were 
measured every 30 min with electronic point dendrometers (Type DR, Ecomatic, 
Germany). From March 2015 to December 2017, logging band dendrometers (LBDs) 
with a built-in thermometer (DRL26, EMS Brno) were used. For comparability of the 
two dendrometer types, we converted the data of the point dendrometers into 
circumference values using the formula: circumference = 2 × π × radius, assuming 
symmetrical stem geometries of the studied individuals. Due to latest calibration 
tests, the used dendrometer types show different thermal sensor coefficients of 
3.29092 μm°C-1 for the type DR and 0.0054 μm °C-1 for the type DRL26, respectively 
(von der Crone et al., pers. comm., work under review). Since the maximum 
temperature differences between consecutive nights in our study area do not exceed 
3°C, no temperature correction was needed for the values derived from band 
dendrometers. Due to the higher thermal sensor coefficient of 3.29 μm°C-1 of the 
point dendrometers, their maximum error is the range of up to 62 μm in 
circumference. An error in this range does not question our main results. Data 
recorded by dendrometers of DR-type have only been used in the first part of the 
study. In all cases, dendrometers were installed at breast height (approx. 1.30 m). In 
case of thick-barked species, parts of the outer bark were removed without injuring 
the cambial zone to minimize the influence of bark swelling and shrinking due to 
water uptake or loss. Since active growth by wood formation and stem swelling due 
to water uptake cannot be differentiated by dendrometer data we will use the term 
“increment” in the following for any kind of stem diameter increase. To investigate 
the impact of drought on different species we selected dry intervals with a minimum 
of four consecutive days without rainfall during the periods July 2007 to November 
2010 and March 2015 to December 2017. We analyzed the averaged stem shrinkage 
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rates during periods from 4 to 9 days. To calculate stem shrinkage, only the daily 
maximum stem diameter values (Deslauriers et al., 2007) were compared. In order 
to create a more robust dataset, the values regarding the dry spells include the data 
of all droughts with the minimum amount of days without precipitation. 
In total, 40 tree individuals with stem diameters above 10 cm belonging to eleven 
different tree genera and three tree life forms were studied (Table 5.1). Stem 
diameter variations of trees of the same genus that belong to the same plant 
functional type were averaged to increase replication, this applies for the genera of 
the Lauraceae family, namely Persea, Nectandra, and Ocotea. Hereafter, we use the 
genus names for the groups of trees comprising more than one species and the 
species names, if the genus is represented by only one species. For Prumnopitys, our 
data regarding dry spells is limited to 6 days due to data logger problems. 
 
Table 5.1: Characteristics of studied tree species equipped with electronic 
dendrometers  
 
 
5.2.3 Statistical analysis 
The dendrometer data were scanned for outliers and measurement artifacts 
(exceeding 0.5 mm stem circumference change within 30 min). For stem shrinkage 
and increment calculation we took the maximum daily circumference/diameter 
values and subtracted the values from the subsequent day. The distinguished groups 
for the second part of the study (Figure 5.2) differed significantly from each other 
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(tested by Welch ANOVA test). We standardized the data with the formula z = (x-μ) 
/σ, where x is the measurement value, μ is the arithmetic mean and σ is the standard 
deviation. For better visual comparison, we divided the outcome by 20. The 
relationships between changes in stem circumference and climatic variables were 
tested with linear correlations. All statistical analyses were conducted with the R 
programming language (R Development Core Team, 2015) thought the software 
RStudio version 3.2.2. 
5.3.1 Tree species response to dry spells of different length 
Evergreen broadleaved and coniferous species showed a lower rate of stem diameter 
shrinkage in relation to dry interval length than the deciduous broadleaved species 
H. chrysanthus and C. montana, with average circumference losses of 1.876 and 
2.190 mm after nine dry days, respectively (Figure 5.1). G. emarginata lost least of 
their circumference, with a maximum loss of only 0.290 mm after nine consecutive 
dry days. T. guianensis first showed a circumference loss similar to most of the 
evergreen broadleaved species, but after the fifth rainless day shrinkage rates 
strongly increased and summed up to 1.528 mm after the ninth rainless day. Also 
noticeable is the strong circumference loss of V. cavanillesiana from the eighth to the 
ninth day without rainfall. The two coniferous species showed no differences 
compared to most of the evergreen broadleaved species.  
 
 
5.3 Results 
Chapter 5 | Tree circumference changes and species-specific growth recovery after extreme 
dry events in a montane rainforest in southern Ecuador 
   | 79 
 
 
Figure 5.1: Mean circumference changes after consecutive rainless days for different 
genera or species. Evergreen broadleaved (eb, black), coniferous (c, red) or deciduous 
broadleaved (db, lightblue). 
 
A closer look to the day-to-day circumference changes (Figure 5.2) reveals that for 
the two deciduous broadleaved species the circumference loss was constantly 
increasing with increasing drought duration. T. guianensis showed lower losses from 
the fifth to sixth and seventh to eighth day compared to the day before and shrunk 
0.662 mm on the last day, which was the strongest observed shrinkage of all species. 
V. cavanillesiana showed a strong loss of circumference of 0.279 mm on the ninth 
day, which was more than double the amount of any day before. The shrinkage of 
Inga acreana declined after the seventh day, and also Nectandra and Persea showed 
maximum shrinkage from the sixth to the seventh rainless day. 
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Figure 5.2: Daily mean circumference change on subsequent days for different genera 
or species. Evergreen broadleaved (eb, black), coniferous (c, red) or deciduous 
broadleaved (db, lightblue). 
 
To make the values more comparable, we used z-transformation (Figure 5.3). Cedrela 
montana also showed the highest standardized change but Handroanthus 
chrysanthus moved closer to the other species. Graffenrieda emarginata which 
showed the lowest shrinkage in absolute values now blended in with the other data. 
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Figure 5.3: Standardized circumference changes after consecutive rainless days for 
different genera or species. Evergreen broadleaved (eb, black), coniferous (c, red) or 
deciduous broadleaved (db, lightblue). 
 
5.3.2 Species-specific response of stem size variations to climate variables,  
          differences of growth dynamics and drought response 
For the comparison of the overall growth behavior of the studied species, we selected 
a timespan from 12.04.2016 to 01.12.2017 (599 days) in which no missing 
dendrometer measurement values, which might compromise the results, occurred. 
The species Handroanthus chrysanthus, Cedrela montana, Inga acreana, Prumnopitys 
montana and the genera Persea and Nectandra had to be excluded from this 
comparison because they were not instrumented during the second measurement 
period from March 2015 to December 2017. 
In Table 5.2, correlations between daily stem circumference changes and different 
climate parameters are shown. Mean relative humidity and vapor pressure deficit 
showed the highest correlation values. Temperature parameters and global radiation 
were also significantly correlated. Precipitation of the current day showed higher 
correlations with stem size variations than precipitation of the previous day. Soil 
moisture was measured at a site close to our study trees (ca. one kilometer distance, 
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same elevation). Over the year, soil water content measured 10 cm below ground 
only varied between 35.7 and 48.7% over the year (Moser et al., 2008). Factors 
dampening soil water content fluctuations are the high amount of annual 
precipitation, the regular rainfall distribution (apart from the short dry spells), the 
high clay content of the deeply developed soils, and the dense rainforest canopy 
preventing solar insulation of the soil surface. Despite these factors, soil water 
content and soil moisture tension are crucial variables for trees and influence water 
dependent systems e.g., by buffering drought phases or prolonging the experienced 
drought past the first rainfalls until the soil are replenished. Because soil moisture 
data are not available for our study area over the studied time periods, we are not 
able to quantify this possible error. 
 
Table 5.2: Correlations between daily circumference changes of different tree species 
with climate parameters 
 
 
In spite of the identical climatic conditions, differences in the percentages of days 
with increment or shrinkage are apparent. G. emarginata showed the highest 
percentage of days with stem increment (68.1%) and also the lowest percentage of 
days with shrinkage (28.5%). These values are followed by V. cavanillesiana 
(65/29.8%), T. guianensis (62.3/35.8%), Ocotea (58.3/38.7%) and P. oleifolius 
(55.5/40.3%). The percentages missing to 100% is stagnation of circumference 
(Supplementary Figure S5.1). 
For the comparison of the maximum daily increment and maximum daily shrinkage 
we averaged the three highest values to lower the influence of outliers. Table 5.3 
shows a distinction into three groups: Ocotea with equal maximum values of 
shrinkage and increment, G. emarginata and T. guianensis with the maximum daily 
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shrinkage exceeding the maximum daily increment, and V. cavanillesiana and P. 
oleifolius with dominant maximum daily increment values. In contrast to the 
maximum values, Ocotea and G. emarginata are the only genera which showed 
higher values of mean daily shrinkage than mean daily increment (Table 5.3). 
Table 5.3: Species specific differences in growth dynamics 
 
When considering cumulated changes, the species showing the highest increment 
also showed the highest shrinking rates (Table 5.3). The mean net circumference gain 
was 6.44 mm for Ocotea, 3.82 mm for G. emarginata, 3.03 mm for P. oleifolius, 8.53 
mm for T. guianensis, and 7.76 mm for V. cavanillesiana, respectively. For better 
visualization of the species differences, the figures respective to Table 5.3 can be 
found in the Supplementary Figures S5.2–S5.4. 
5.3.3 Species-specific recovery from drought 
When comparing species and families during the 60 days without precipitation over 
the study period of 539 days, all groups showed very similar percentages of days with 
increment, ranging from 15.8 to 18.4%. Due to this homogenous behavior during dry 
days, we assumed that an important difference in the response to climate may exist 
following the dry spells. We therefore analyzed in detail the recovery times of the 
different species. Two species are standing out because of their contrasting response 
during and after drought, namely T. guianensis and V. cavanillesiana. 
Both species showed a very consistent response pattern among different individuals 
(Figure 5.4). Their responses considering the VdN drought lasting from 13 to 23 
November 2016 were at first very similar, starting with a steady circumference loss 
which was more pronounced in T. guianensis. However, very different responses 
occurred concerning the replenishing phase after the first rainfall on the 23 
November 2016. While the circumference of all V. cavanillesiana individuals rose 
immediately, the individuals of T. guianensis showed a much slower pattern of stem 
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replenishment. The most distinct difference between the two species was the time 
needed to reach the stem diameter preceding the VdN phase. On average, V. 
cavanillesiana needed only 4 days to regain its pre-drought circumference. In 
contrast, T. guianensis regained only 50% of its losses within 4 days, and it took until 
early- January (45 days) until the pre-drought stem diameter was regained, but 
already at the beginning of December the species showed a flattening of the stem 
increment curve (★). 
 
Figure 5.4: Circumference change from October 2016 to February 2017 of Vismia 
cavanillesiana and Tapirira guianensis. Dotted lines show individual trees; solid lines 
show the corresponding mean values; orange backgrounds indicate the dry spell; 
blue backgrounds mark the time to reach the pre-drought maximum; () first rainfall 
after dry spell; (★) switching from replenishment to growth. 
 
The rates of stem circumference shrinkage in relation to the dry time interval, the net 
circumference change between subsequent days and the standardized shrinkages 
(Figures 5.1–3) highlighted that evergreen broadleaved and coniferous species are 
able to regulate stem water loss after a couple of sunny and dry days, probably by 
the closure of leaf stomata (Ying et al., 2015). If the duration of a dry spell exceeds 
four consecutive days, differences between families became apparent. G. 
5.4 Discussion 
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emarginata appeared very well adapted, showing the smallest absolute stem 
diameter shrinkage but standardized, it turned more to average. P. oleifolius showed 
the second smallest stem diameter change in response to ongoing drought, very 
similar to Ocotea and Inga. V. cavanillesiana responded very alike, but the daily 
changes of the last three dry days indicated differences in response, probably due to 
change in drought-coping adaptations like different degrees of leaf-water potential 
regulation (Ryan, 2011). The decreasing circumference loss between the seventh to 
the eighth dry day and the much higher loss on the ninth day could be an indication 
that a threshold of water loss was reached. The same assumption applies to T. 
guianensis, showing the maximum change on a single day of all investigated species. 
The deciduous broadleaved species H. chrysanthus and C. montana share the ability 
of leaf shedding to regulate the risk of water loss by enhanced transpiration. The 
latter species showed during the timespans in which most of the dry spells occur 
around 50% foliage (Bendix et al., 2006), but both species showed the highest values 
of circumference loss from the very beginning of a dry spell. Even after 9 days without 
precipitation, stem circumferences constantly decreased with still increasing rates. 
This led us to speculate that if dry intervals occur during the growing period, when 
both deciduous species are fully foliated, these species may suffer even more from 
drought. As visualized by the standardized values C. montana is more sensitive and 
vulnerable to droughts compared to H. chrysanthus. 
The significant correlations of precipitation, relative humidity and vapor pressure 
deficit with our stem circumference measurements are consistent with previous 
studies (e.g., Deslauriers et al., 2007; Bräuning et al., 2009; Volland-Voigt et al., 2009; 
Butt et al., 2014). The majority of the climatic parameters are highly inter-correlated, 
like e.g., global radiation and temperature. 
Consistent with the small absolute response during the dry spells, G. emarginata 
showed the highest percentage of days with stem increment. However, when 
shrinkage occurred, the maximum and the mean shrinkage values exceeded the 
respective increment value. This seems not problematic due to the high percentage 
of days with net increment, and hence we do not classify the species as vulnerable. 
G. emarginata is also the second slowest growing species with the lowest cumulated 
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increment but also with the lowest cumulated shrinkage. Slow growth may be related 
to drought tolerance as resource-conservative strategy (Ouédraogo et al., 2013). 
P. oleifolius showed the lowest percentage of days with increment, but no 
peculiarities were found in its responses during drought. The increment maxima and 
mean values were both higher than their shrinkage values. The mean net growth 
during the analyzed timespan was the lowest with 3.03 mm. Hence, Podocarpus is 
demanding concerning climate conditions, but this is compensated by higher mean 
and maximum increment values during suitable climate conditions. 
Ocotea is also unobtrusive regarding its dry spell responses and show an average 
percentage of days with increment compared to the other species. Maximum 
shrinkage values are equal to the increment maxima. The daily mean increment is 
lower than the mean shrinkage. This could be, in contrast to G. emarginata, 
potentially problematic for the family because of the lower percentage of days with 
increment. 
V. cavanillesiana showed some distinctive features during drought, i.e., the 
percentage of days with shrinkage is only 29.8%. The values of mean and maximum 
increment are higher than the respective shrinkage. With 7.76 mm, the species’ net 
growth is the second highest of the analyzed species. T. guianensis shows the same 
features as V. cavanillesiana, but more intense. Overall, T. guianensis showed the 
highest maximum shrinkage values of all investigated species, but also net growth is 
highest, with 8.53 mm. 
The flattening of the growth curve for T. guianensis indicates a switch from stem 
water replenishment into a usual growth pattern (Figure 5.4). The lower absolute 
stem circumference may be explained by embolism of xylem cells which reduces on 
the one hand the ability of expansion of the stem by replenishment of xylem cells 
with water and hence build-up of turgor, and on the other hand causes hydraulic 
dysfunction lowering the conductance of the stem. Recovery from a drought can be 
interfered by xylem cavitation (Luo et al., 2016). Other drought stress effects that 
may negatively affect post-drought growth despite favorable growth conditions 
include damaged organelle structures, decreased photosynthetic activity or induced 
chlorophyll degradation (Ying et al., 2015). T. guianensis seems therefore to be 
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vulnerable to longer or higher frequency droughts. In our study, we determined 
similar responses between T. guianensis individuals but it is important to take into 
consideration that embolism resistance may vary intraspecifically (Anderegg, 2015). 
To sum up our findings and to answer the main research question, we can state that 
there is a difference in drought response between deciduous and evergreen trees 
regarding the absolute amount of circumference loss. However, when considering 
standardized values of stem shrinkage, the deciduous C. montana shows high 
drought sensitivity and vulnerability. Also Tapirira becomes more vulnerable with 
increasing duration of dry spells. Regarding the species’ responses during the 600 
days drought and non-drought comparison, we consider Ocotea and again Tapirira as 
most vulnerable to drought. Our last analysis verified Tapirira being highly vulnerable 
to longer lasting droughts, resulting in a non-replenishable loss of stem 
circumference. 
To make inferences about possible effects of the detected differences in drought 
response about possible species composition changes of the entire ecosystem or 
about species-specific mortality risk, a key research need is determination of species-
specific thresholds of xylem embolism which are recoverable or not (Hartmann et al., 
2018). Understanding the mechanisms of drought response, survival and mortality 
will be critical for predicting tree response to a changing climate (Ryan, 2011). This 
needs to be taken into consideration also regarding the carbon sink or source issue 
because special patterns of moist tropical forest carbon storage are primarily driven 
by mortality (McDowell et al., 2018). 
Of interest for future research is if nonlethal droughts can stimulate drought 
resilience, since plants typically respond by acclimation of key hydraulic parameters 
like leaf area (reduction), root and sapwood area (increase), and cavitation resistance 
(increase), which should protect trees against future droughts (McDowell et al., 
2008). Considering that the intact forest sink is declining in size, and that tropical 
forests may switch to become a net carbon source (Mitchard, 2018), more research 
in different tropical forest ecosystems is of utmost importance. 
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One goal of this study was pushing the limits of tropical dendrochronology in the 
tropical dry forest by having a closer look on the climatic influences on tree growth, 
especially regarding the El Niño Southern Oscillation phenomenon. In doing so, we 
aimed to verify previous climate reconstructions on Bursera graveolens (Pucha et al., 
2015) by deepening the understanding of the immediate tree responses to the 
respective climate conditions. The cambial dormancy caused by consecutive months 
of rainfall below 100 mm which has been described as necessary for growth ring 
formation in tropical environments (Worbes, 1995), did not apply to our study 
species, but to other species in the Tumbesian forest ecosystem (Volland-Voigt et al. 
2011). The dendrometer data of E. velutina on the highest elevation plot enhanced 
our expectations to find distinct annual growth rings due to missing short-term tree 
circumference variations, showing only a clear seasonal pattern. However, this was 
not the case. Due to the difficulties regarding the missing distinct anatomical ring 
boundaries of the selected species, we were not able to use this data for further 
analyses. The selected three species with the high importance index value are not 
suitable to be analyzed with a standard dendrochronological approach, so we were 
forced to temper our expectations regarding their climate reconstruction potential. 
Nevertheless, the analysis proved to be important for the comprehension of 
dendrometer data regarding the different plant functional types, and the results of 
the wood anatomical studies where partly mirrored in the dendrometer data, e.g., 
the use of the stored stem water of C. trichistandra. Analyzing wood anatomy and 
parameters like bark thickness and wood density are important aspects for a more 
complete understanding of the physiological response to climate of a tree genus or 
species. 
 
Due to the high degree of complexity, research of the water transporting xylem 
system has been a scientific challenge during the last decades and still is (Lucas et al., 
2013). The two most important statements concerning the stem water status of 
tropical dry forests are, that the decisive factors are precipitation, soil water content 
6.1 Wood anatomy and tree-ring research 
6.2 Water status of tropical dry forest trees 
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(SWC), and temperature (Singh and Kushwaha, 2016). Finally, stem water status 
depends upon the balance of water loss through transpiration and water absorption 
by the roots (Borchert, 1999). With these fundamental statements in mind, we 
separated our investigated species regarding possibilities of further analyses. C. 
trichistandra showed a clear response to even minor precipitation events, recorded 
in an immediate increase of stem circumference only several hours after a rainfall 
occurred. This genus is generally indicating seasonality changes which are easily 
visible by leaf phenology because of the fast re-flush ability, if water availability 
increases, or even after single precipitation events occur during the dry season. In 
combination with the dendrometer data, we were able to show that the water stored 
in the stem is primarily used to initiate and accelerate the leaf flush before the onset 
of the rainy season and also during irregular precipitation events in the dry season. 
In contrast, the indicative value of the dendrometer data for short term analysis is 
limited in case of E. ruizii due to the water storage capacity of E.ruizii in bark and 
roots, superimposing the water transport in the xylem or masking water transport 
within the trunk. The clear seasonal stem growth pattern of E. velutina is able to 
indicate specific tree responses to extreme climatic events, especially along elevation 
gradients. On our study plot at 600m asl. which is associated with lower precipitation 
and air humidity, several consecutive years of missing circumference increment 
indicated a potential species to investigate thresholds for reduced plant growth, 
dieback, and tree mortality on the one hand, but also resilience and survivability on 
the other hand. This is of high relevance in the context of ongoing climatic change 
and the expected occurrence of extended (Chadwick et al., 2016; Fu et al., 2013) and 
more frequent droughts (Corlett, 2016) in the tropics. The increasing humidity with 
increasing elevation in our study area Laipuna is valuable for analyzing tree species’ 
responses to climate under different moisture conditions. The large distribution area 
in tropical and subtropical regions justifies the in-depth analyses of this genus, 
despite of difficulties regarding the determination of growth patterns.  
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The experience of analyzing the impact of dry seasons on stem circumference 
changes with dendrometer data in the seasonally dry forest of Laipuna inspired us to 
perform detailed analysis of dry spell responses of different tree genera in the 
montane rain forest. The obvious differences between the climatic conditions in the 
two forest ecosystems are the duration of the dry season with six months in Laipuna, 
and of up to maximum two weeks in the San Francisco valley. Accordingly, we 
expected a poorer or even missing adaptation to drought of some of the examined 
genera in the montane rainforest. Despite these extreme environmental differences, 
the reaction of trees belonging to different functional types in different ecosystems 
was quite similar, resulting in a circumference loss immediately after just several days 
without precipitation. The dry forest species E.velutina is hereby an exception, 
showing no loss of circumference during the rainy season after short dry spells and 
also no circumference loss in over six month of dry season. C. trichistandra and E. 
ruizii both showed patterns of rapid circumference loss after even one day of drought 
during the rainy season, but differed during the dry season, with low amounts of 
circumference loss during the main sections of the dry season with a rapid decrease 
in circumference due to the early flush of leaves at the end of the dry season for C. 
trichistandra and continuously high circumference loss until the first rainfall event for 
E. ruizii. The absolute circumference decrease of most of the studied rainforest 
species during the first rainless days are of equal dimension, regardless of plant 
functional type. The two coniferous genera Podocarpus und Prumnopitys showed a 
generally lower stem circumference decrease during the dry spells. G. emarginata 
showed the lowest overall reaction over the longest dry spells with nine consecutive 
days without rainfall.  
This, in general, similar response of dry and humid forest species were detected in 
spite of the expected lack of necessity to budget water resources. This led to the 
conclusion that circumference changes after missing precipitation alone do not 
represent a sound indicator for drought resilience or vulnerability. Potentially longer 
dry spells show more pronounced and therefore significant differences. Solutions are 
6.3 Impacts of dry spells and dry seasons on tree circumference in both  
       forest types 
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therefore to take the mean daily increments of a species into account and 
investigating the individual recovery phases following the end of a dry period.  
The standardization regarding the mean daily increment of G. emarginata showed 
lower increment values over the complete investigated period. Hence, the species 
was classified as resource-conservative, which works as a drought coping strategy, as 
already mentioned for other species by Ouédraogo et al. (2013). For the two 
deciduous species, the constant loss of circumference with still increasing rates after 
9 days of drought also pointed out some differences regarding the standardized 
values, showing that C. montana is more sensitive and vulnerable in comparison with 
H. chrysanthus. In regard of the irregularity of duration and appearance of dry spells, 
the deciduousness of these two species could be problematic, because the shedding 
of leaves to cope with these short dry spells might be an overreaction, posing a risk 
for the tree individuals (Wolfe et al., 2016). For the other studied species, no new 
insights were obtained by standardization of the raw data. 
 
The responses to precipitation following droughts were similar in all species. 
Regardless of dry or humid forest type, a strong circumference increase indicating 
refilling or replenishment of the stem water status was visible during the first days, 
exceeding the pre-drought circumference value. Again, E. velutina was the exception, 
not showing any immediate circumference change. Since no circumference was lost 
during the dry season, also no stem water replenishment was expected. Within the 
montane rain forest trees, the clear distinction between V. cavanillesiana and T. 
guianensis came to pass, because the latter did not reach the pre-drought stem 
circumference after replenishment, indicating a reduction of extension ability. This 
may be attributed to different possible reasons, e.g. cavitation (Luo et al. 2016), 
damaged organelle structures, or decreased photosynthetic activation (Ying et al., 
2016). The distinct pattern change visible in the changing degree of slope indicates a 
switch from replenishment to growth without reaching the pre-drought 
circumference value. Embolisms in xylem cells reducing the expansion ability of the 
stem (Luo et al., 2016), and other drought stress effects may negatively affect post-
6.4 Recovery after droughts 
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drought growth. Since these findings dissent with some definitions and principle 
assumptions of tree growth regarding dendrometer measurements currently in use 
(Deslauriers et al., 2007; Zweifel et al., 2016), this topic is of high relevance for the 
discipline and needs further investigation. 
The following paragraph sums up our findings regarding which species proofed useful 
for dendroecological studies. In the dry forest ecosystem, the analysis of C. 
trichistandra and E. velutina proofed useful, indicating seasonality changes and 
annual extreme events, respectively. In the montane rainforest, several more species 
stood out due to different peculiarities, e.g. C. montana and H. chrysanthus as 
deciduous broadleaved plant functional type showing the highest circumference loss 
under dry conditions. The eponymous for this forest is P. oleifolius, a conifer that 
showed the lowest net growth over the study period. G. emarginata is the evergreen 
species with the lowest loss of circumference during the dry spells. And last but not 
least, V. cavanillesiana and T. guianensis with their differing post drought responses 
have proven to be of high importance regarding our research. 
The reconstruction of climate and the drawing of conclusions regarding the influence 
of ENSO were not successful working with the species E. ruizii, E. velutina and 
C.trichistandra. The goal to strengthen the pre-existing analyses of B. graveolens was 
also not achieved.  
However, species-specific responses to water status variations became clear 
including the early leaf flush of C. trichistandra due to trunk water storage, the 
consistent loss of circumference of E. ruizii during drought, and constant stem 
circumference maintenance of E. velutina.   
The Veranillo del Niño dry spell provided a suitable example regarding drought 
responses of tropical rainforest species, in which a highly heterogenic and complex 
result for each investigated species and different grades of vulnerability and 
resilience were found. 
 
6.5 Useful species for dendroecological studies 
6.6 Reflections on the formulated objectives 
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The projected climatic changes in the tropics have a huge influence regarding 
scientific analyses planned in the future. Especially the prognoses of longer-than-
usual dry spells or repeated droughts resulting in reduced plant growth (Corlett, 
2016), seedling mortality (Edwards and Krockenberger, 2006), and large-scale tree 
dieback (da Costa et al., 2010) represent a serious threat to forest ecosystems 
(Laurance et al., 2009). Recurring droughts and more irregular precipitation events 
may result in missing or shortening recovery times; leading to continuously stressed 
ecosystems with negative effects on the carbon budget (Schwalm et al., 2017). Thus, 
such drought events are of ongoing scientific interest.  
A common feature of fundamental research is usually that more questions arise 
during an investigation than were previously intended to be answered. This effect 
raised numerous topics and questions regarding our future scientific activities. 
6.7.1 Research already initiated 
An action of a certain importance and easy to carry out is to keep all of our 
dendrometers running, to extend the existing datasets of five years in the dry-forest 
of Laipuna and of three years in the montane rain forest of RBSF for the ongoing DFG 
project FOR 2730. Longer time series may capture additional extreme climatic events 
and thereby help to evaluate tree responses and resilience capabilities under a wider 
range of stressful climatic conditions. 
In the dry forest, colleagues of the University of Göttingen installed sap-flow 
measurement devices on the roots of several trees we already monitored since the 
past five years. We will jointly analyze the root sap flux in combination with stem 
increment change data of our dendrometers to see how fast precipitation is absorbed 
by the roots and transported through the stems. Regarding the above mentioned 
importance of wood anatomy, we already started to expend our knowledge about 
the wood anatomical features and possible distinctive growth rings in the montane 
rainforest by taking increment cores of more than 20 different species.  
We already started to re-adjust our dendrometers and additionally installed Granier-
type sap-flux sensors on the same trees we a monitoring for several years in the 
montane rain forest to find species suitable as climate change indicators. The 
6.7 General outlook 
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preliminary investigated cork cambial rings have a huge potential, especially if they 
exhibit annual growth patterns. We will thus further strengthen the existing dataset 
regarding elevation and number of samples.  
6.7.2 Future Research in the dry forest of Laipuna 
The investigated three species we monitored and worked with raised uncountable 
questions and topics which are not yet answered or worked on, but worth to 
investigate. Erythrina velutina responds different to dry spells: changes in daily 
amplitude of circumference during the dry season, completely depleted stems and 
precipitation thresholds for tree growth are some of those topics to only name a few. 
We also project to monitor additional tree genera of other plant functional types, 
especially regarding the present evergreen trees (Capparis flexuosa) and a slow-
growing hardwood species like Loxopterigium huasango.  
6.7.3 Future Research in the montane rain forest of San Francisco. 
In the montane rain forests of San Francisco, different topics arose during our 
investigations. Especially the short but elongating dry spells constitute a huge 
potential to provide insight into possible future changes of this ecosystem. With the 
forecasted climate change, this topic shows an increasing importance, not only for 
the scientific community but also to society in general. To investigate the cambial 
activity during dry phases, we will sample microcores of V. cavanillesiana and T. 
guianensis to draw conclusions to mortality and species specific dieback and possible 
species composition change of the forest. Also the currently used definitions for 
dendrometer indicated tree growth will be under revision here. 
Additionally, we envisage expending the knowledge regarding tree species of a 
certain abundance with distinct annual ring formation by taking increment cores.   
This chapter is important to avoid recurring time and resources consuming mistakes 
and futile research efforts for the whole field of research and should be included in 
every paper.  
 
6.8 Critical evaluation and failed investigations 
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6.8.1 Critical evaluation 
In retrospective, we should have discarded E. velutina after the first analyses and 
consider that the rings are not analyzable after the first or second failed attempt.  
For dendrometer studies, we recommend to use the same type of dendrometer for 
all studied tree individuals to eliminate possible uncertainties arising from using 
devices with different technical specifications. 
6.8.2 Failed investigations and solutions 
The woody material, e.g. increment cores and crown leaves that was collected over 
several weeks for a deuterium tracer experiment to analyze the water uptake speed 
of dry forest trees decayed in the lab of the “Universidad del Azuay” (Cuenca, 
Ecuador) due to a malfunctioning mass spectrometer and electric failure of the 
freezer. The data would have provided very useful information about the water 
distribution in the tree and the duration of water uptake.  
These errors occur in all labs over the world, but a contact person keeping you up to 
date helps to minimize stressful communication problems.   
In the dry forest, the sap flux devices were working due to the rare precipitation and 
the consistent maintenance of our partners. However, in the montane rain forest, 
the envisaged cooperation could not be realized as planned, because the sap flux 
measurements were often interrupted due to technical failure and therefore the 
obtained data series not suitable for a joint data analysis. Advances in water 
protection and improvements of used materials resolved this problems. 
 
Borchert, R. (1999). Climatic periodicity, phenology, and cambium activity in tropical 
dry forest trees. IAWA Journal 20, 239-247. 
Chadwick, R., Good, P., Martin, G. and Rowell, D. P. (2016). Large rainfall changes 
consistently projected over substantial areas of tropical land. Nature Climate Change, 
6, 177–181. https://doi.org/10.1038/nclimate2805 
Corlett, R. T. (2016). The impacts of droughts in tropical forests.Trends in Plant 
Science, 21, 584–593. https://doi.org/10.1016/j.tplants.2016.02.003 
6.9 References 
Chapter 6 | Synthesis and general conclusions 
   | 104 
 
Deslauriers, A., Rossi, S., and Anfodillo, T. (2007). Dendrometer and intra annual tree 
growth: what kind of information can be inferred? Dendrochronologia 25, 113–124. 
doi: 10.1016/j.dendro.2007.05.003 
Da Costa, A. C. L., Galbraith, D., Almeida, S., Portela, B. T. T., da Costa, M. and de 
Athaydes Silva Junior, O. L. (2010). Effect of 7 yr of experimental drought on 
vegetation dynamics and biomass storage of an eastern Amazonian rainforest. New 
Phytologist, 187, 579–591.https://doi.org/10.1111/j.1469-8137.2010.03309.x 
Edwards, W. and Krockenberger, A. (2006). Seedling mortality due to drought and fire 
associated with the 2002 El Nino event in a tropical rainforest in north‐east 
Queensland, Australia. Biotropica, 38, 16–26. 
Fu, R., Yin, L., Li, W. H., Arias, P. A., Dickinson, R. E., Huang, L., et al. (2013). Increased 
dry-season length over southern Amazonia in recent decades and its implication for 
future climate projection. Proc. Natl. Acad. Sci. U.S.A. 110, 18110–18115. doi: 
10.1073/pnas.1302584110 
Ouédraogo, D.-Y., Mortier, F., Gourlet-Fleury, S., Freycon, V. and Picard, N. (2013). 
Slow-growing species cope best with drought: evidence from longterm 
measurements in a tropical semi-deciduous moist forest of Central Africa. J. Ecol. 101, 
1459–1470. doi: 10.1111/1365-2745.12165 
Laurance, S. G., Laurance, W. F., Nascimento, H. E., Andrade, A.,Fearnside, P. M., 
Rebello, E. R., et al. (2009). Long‐term variationin Amazon forest dynamics. Journal 
of Vegetation Science, 20,323–333. https://doi.org/10.1111/j.1654-
1103.2009.01044.x 
Lucas, W. J., Groover, A., Lichtenberger, R., Furuta, K., Yadav, S. R., Helariutta, Y., et 
al. (2013). The plant vascular system: Evolution, development and functions. Journal 
of Integrative Plant Biology, 55(4), 294–388. 
Luo, Z., Guan, H., Zhang, X., Zhang, C., Liu, N. and Li, G. (2016). Responses of plant 
water use to a severe summer drought for two subtropical tree species in the central 
southern China. J. Hydrol. Reg. Stud. 8, 1–9. doi: 10.1016/j.ejrh.2016. 08.001 
Chapter 6 | Synthesis and general conclusions 
   | 105 
 
Pucha Cofrep, D., Peters, T. and Bräuning, A. (2015). Wet season precipitation during 
the past 120 years reconstructed from tree rings of a tropical dry forest in Southern 
Ecuador. Global and Planetary Change 133, 65–78. 
Schwalm, C. R., Anderegg, W. R., Michalak, A. M., Fisher, J. B., Biondi, F.,Koch, et al., 
(2017). Global patterns of drought recovery. Nature, 548, 202–205. 
https://doi.org/10.1038/nature23021 
Volland-Voigt, F., Bräuning, A., Ganzhi, O., Peters, T. and Maza, H. (2011). Radial stem 
variations of Tabebuia chrysantha (Bignoniaceae) in different tropical forest 
ecosystems of souther Ecuador. Trees - Struct. Funct. 25, 39–48. doi:10.1007/s00468-
010-0461-6 
Wolfe, B.T., Sperry, J.S. and Kursar, T.A. (2016). Does leaf shedding protect stems 
from cavitation during seasonal droughts? A test of the hydraulic fuse hypothesis. 
New Phytologist 212, 1007–1018. 
Worbes, M. (1995). How to measure growth dynamics in tropical trees. - A review -. 
IAWA Journal 16: 337-351. 
Zweifel, R., Haeni, M., Buchmann, N. and Eugster, W. (2016). Are trees able to grow 
in periods with stem shrinkage? New Phytol. 211, 839–849. doi: 10.1111/nph.13995
List of Figures 
   | 106 
 
List of Figures 
 
Figure 2.1: Map of Ecuador with both study sites  ..................................................... 13 
Figure 2.2: Map of the “Reserva Laipuna” .................................................................. 14 
Figure 2.3: Climate of the Laipuna valley ................................................................... 15 
Figure 2.4: Climate of the RBSF .................................................................................. 17 
Figure 2.5: Logging band dendrometer (a) and point dendrometer (b) .................... 19 
Figure 3.1: Smoothed surface of an E. ruizii increment core  .................................... 25 
Figure 3.2: Smoothed surface of an E. velutina increment core ................................ 25 
Figure 3.3: Thin section of an increment core (5mm) of Eriotheca ruizii. .................. 26 
Figure 3.4: Dried increment core of C. trichistandra with 5mm in diameter. ............ 27 
Figure 3.5: Stem disc of Erythrina velutina with 25cm in diameter ........................... 28 
Figure 3.6: Different types of fiber bands ................................................................... 29 
Figure 3.7: Stems of Erythrina velutina (a) and Ceiba trichistandra (b) showing  
                    marked prickles. ........................................................................................ 29 
Figure 3.8: Prickles of C. trichistandra ........................................................................ 30 
Figure 3.9: Prickles of three different individual trees of E. velutina ......................... 30 
Figure 3.10: Stained thin section of a prickle of E. velutina ....................................... 31 
Figure 3.11: Detailed cambial cells with blue coloring. .............................................. 32 
Figure 3.12: Increment changes of different individuals of E. velutina on different  
                      elevations. ............................................................................................... 33 
Figure 4.1 Climate diagram of the study area. ........................................................... 42 
Figure 4.2: Mean cumulative stem diameter for E. ruizii, C. trichistandra and  
                    E. velutina ................................................................................................. 48 
Figure 4.3: Change of foliation for E. ruizii, C. trichistandra and E. velutina .............. 49 
Figure 4.4: Start of wet season, course over five consecutive days  
                    (9.2.-13.2.2015) of diel change in stem circumference ............................ 52 
Figure 4.5: Middle of wet season (decreasing soil water level), course over five  
                    consecutive days (6.3.-10.3. 2015) of diel change in  
                    stem circumference .................................................................................. 53 
Figure 4.6: Middle of wet season (increasing soil water level), course over five 
                    consecutive days (16.3.-20.3. 2015) of diel change in  
                    stem circumference .................................................................................. 54 
List of Figures 
   | 107 
 
 
Figure 4.7: End of wet season, course over five consecutive days  
                   (20.5.-25.5.2015) of diel change in stem circumference .......................... 55 
Figure 4.8: Course over five consecutive days of diel change in 
                     stem circumference ................................................................................. 57 
Figure 4.9: Changes in stem circumference during parts of the wet (March-April) 
                    and dry season (November) ..................................................................... 59 
Figure 5.1: Mean circumference changes after consecutive rainless days for different  
                    genera or species. ..................................................................................... 83 
Figure 5.2: Daily mean circumference change on subsequent days for different  
                    genera or species. ..................................................................................... 84 
Figure 5.3: Standardized circumference changes after consecutive rainless days  
                    for different genera or species ................................................................. 85 
Figure 5.4: Circumference change from October 2016 to February 2017  
                    of Vismia cavanillesiana and Tapirira guianensis. .................................... 88 
 
 
 
 
 
 
 
 
 
 
 
 
List of Tables 
   | 108 
 
List of Tables 
Table 4.1: Characteristics of tree species and trees studied ...................................... 46 
Table 4.2: Linear correlations between sap flux density and VPD, and change in         
                   circumference and SWC ............................................................................ 46 
Table 4.3: Seasonal tree responses in leaf phenology, radial variation and sap flux to    
                  moisture fluctuations ................................................................................. 61 
Table 5.1: Characteristics of studied tree species equipped with electronic  
                   dendrometers ............................................................................................ 81 
Table 5.2: Correlations between daily circumference changes of different tree  
                   species with climate parameters ............................................................... 86 
Table 5.3: Species specific differences in growth dynamics ....................................... 87 
 
Declaration of originality and certificate of authorship 
   | 109 
 
Declaration of originality and certificate of authorship 
  
I, Volker Raffelsbauer, hereby declare that I am the sole author of this thesis entitled 
‘“Tree water relations and drought responses in contrasting neotropical forest 
ecosystems in southern Ecuador.” 
All references and data sources that were used in the thesis have been appropriately 
acknowledged. I furthermore declare that this work has not been submitted 
elsewhere in any form as part of another dissertation procedure. I certify that the 
manuscripts presented in Chapters 4 and 5, have been written by me as first author. 
Regarding Chapters 1, 2, 3, and 6, I am the sole author. 
 
Erlangen, 15. August 2019 
_______________________________________ 
Volker Raffelsbauer 
 
 
 
 
 
 
 
 
 
Appendix 
 
   | 110 
 
Appendix 
Supplementary Figure 1: Percentage of different circumference changes (%) for 
different genera. 
Supplementary Figure 2: Daily increment and shrinkage maxima (mm) for different 
genera with standard deviations. 
Appendix 
 
   | 111 
 
Supplementary Figure 3: Daily increment and shrinkage means (mm) for different 
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Supplementary Table 1: Number of dry intervals and the dates they occurred.  
Length of 
dry interval 
(days) 
no. of dry intervals 
of respective 
length during 
2007-2010 
no. of dry 
intervals of 
respective length 
during 2015-2017 
Values used 
for the study 
2007-2010 
Values used 
for the study 
2015-2017 
Time spans 
when dry spells 
occurred 
4 3 5 11 14 
21.-24.07.07;           
21.-24.08.07;  
08.-11.09.10 
13.-16.01.16;           
17.-20.01.17;  
11.-14.02.17;     
16.-19.02.17;  
21.-24.06.17;  
5 2 4 8 9 
16.-20.12.08;           
06.-10.08.10; 
08.-12.01.16;  
30.10.-03.11.16;      
11.-15.07.17;            
01.-05.11.17 
6 1 3 6 5 
19.-24.11.10;  
30.06-05.07.16;       
23.-28.10.16; 
14.-19.11.17; 
7 3 0 5 2 
13.-19.11.08;  
30.06.-06.07.10;  
03.-09.11.10 
8 0 1 2 2 
31.10 - 07.11.15 
 
9 2 1 2 1 
22.10-30.10.10;  
31.10-08.11.10  
13. - 22.11.16 
 
 
